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1Summary
Precise temporal and spatial control of cell signaling processes is pivotal for
embryonic development. A vast number of secreted signaling molecules such as Wnt
ligands travel between cells and tissues and influence their fate. If they are to induce a
signaling cascade depends on various control mechanisms of potential target cells.
These can include the temporal expression control of pathway components or the
generation of signaling agonisers or antagonisers. Control of Wnt/beta-catenin
signaling is important for the establishment of left- rigt (l-r) neuronal asymmetries of
the evolutionarily conserved habenulae in the vertebrate dorsal diencephalon. During
neurogenesis, this pathway is activated only when habenular precursor cells become
post-mitotic, although Wnt ligands secreted by the adjacent mid-diencephalic
organizer (MDO) surround these cells much earlier. The underlying control
mechanism and its purpose have remained unexplored. We find that Wnt signaling is
indeed initially inhibited in habenular precursors and that this is required for
habenular neurons to subsequently adopt different neuronal fates. Indeed, premature
induction of the pathway critically delays neuronal differentiation which ultimately
lead to precursor differentiation into only one out of two neuron types of the
habenulae on both sides of the brain. We further show that the early activation of Wnt
signaling is naturally prevented by Wnt inhibitor factor 1 (Wif1), which is specifically
expressed in the habenulae until precursors become post-mitotic. Suppression of wif1
phenocopies the effect of early Wnt induction. Furthermore, wif1 expression is
positively regulated by Wnt signaling showing that wif1 is functioning within a
negative feedback loop. Our data are consistent with a model by which Wif1
dynamically shields early multipotent habenular precursor cells from incoming Wnt
ligands secreted by the MDO and possibly other the sources until they become
post-mitotic and differentiate into neurons. wif1 and different Wnt ligands are
overlappingly expressed in a number of developing structures including both the
habenulae the downstream target the interpenduncular nucleus (IPN). This suggests
that the Wnt/Wif1 buffering system may serve as a general mechanism for temporally
tuning neurogenesis across the different nuclei of the brain.
2Zusammenfassung
Eine genau abgestimmte zeitliche und räumliche Kontrolle von Zellsignalprozessen
ist für die Embryonalentwicklung ausschlaggebend. Dabei bewegen sich eine große
Anzahl an sekretierten Signalmolekülen wie zum Beispiel Wnt Liganden zwischen
Zellen und Geweben und beeinflussen deren Schicksal. Ob diese Signalmoleküle eine
Signalkaskade in Gang setzen, hängt von verschiedenen Kontrollmechanismen der
potentiellen Zielzellen ab, welche die zeitlich kontrollierte Expression von
Signalwegkomponenten oder die Generierung von Signal Agonisten und
Antagonisten beinhalten können. Die Kontrolle der Wnt/beta-Catenin-Signalgebung
ist für die neuronale Diversität der evolutionär konservierten Habenulae im dorsalen
Dienzephalon der Wirbeltiere notwendig. Im Laufe der Neurogenese wird dieser
Signalweg aber erst in den post-mitotischen Habenular-Vorläuferzellen aktiviert,
obwohl Wnt-Liganden aus dem benachbarten mid-dienzephalen Organisator (MDO)
diese Zellen schon viel früher umgeben. Der zugrundeliegende Kontrollmechanismus
und Zweck blieben bisher noch unerforscht. Wir zeigen, dass die Wnt-Signalgebung
in der Tat zunächst in den habenularen Vorläuferzellen gehemmt wird, was
erforderlich ist, damit sie sich später nicht nur zu einem Nervenzelltyp sondern zu
verschiedenen entwickeln können. Diese Hemmung wird durch den sekretierten
Wnt-Inhibitionsfaktor 1 (Wif1) vermittelt, der seinerseits durch Wnt-Signalgebung
positiv reguliert wird. Demnach stimmen unsere Daten mit einem Modell überein, in
welchem Wif1 die frühen multipotenten habenularen Vorläuferzellen mittels eines
dynamischen Puffersystems solange gegen Wnt-Liganden aus der MDO oder
möglichen anderen Quellen abschirmt, bis sie post-mitotisch werden und zu
Nervenzellen differenzieren. Die überlappende Expression von Wif1 und Wnt
Liganden in mehreren Bereichen des Gehirns könnte auf einen generellen
Mechanismus zur zeitlichen Kontrolle der Nervenzellentwiclung schliessen.
31.Introduction
1.1 Structural and functional brain asymmetries
During evolution, vertebrates have developed an impressive variety of complex
behaviors. This was likely possible due to the natural selection of fruitful neuronal
strategies which became inscribed within the architecture and the functioning of the
brain. Left-Right (l-r) brain asymmetries are traces of this evolutionary heritage and to
decipher their biological role is still a major challenge in modern neuroscience. In
humans, left right differences in the anatomy of the brain can be observed at different
levels (Concha et al., 2012, Güntürkün and Ocklenburg 2017). Grossly, the right
hemisphere can be distinguished from the left by observing the size and shape of brain
areas (Arthur W. Toga & Paul M. Thompson, 2003), like the Broca's area which is
markedly larger on the left (Schenker et al., 2010; Rilling, 2014). On a microstructural
level, differences in circuit architectures are observed in for instance the auditory and
language cortex, where the organization of the cortical columns on the left
hemisphere differ from the corresponding regions on the right (Hutsler and Galuske,
2003, Güntürkün and Ocklenburg 2017). Finally, l-r differences are also found in
gene expression patterns. This is true for the language cortex where neuron specific
genes are differentially expressed across the left and the right side of the brain
(Karlebach and Francks, 2015). Interestingly, hemispheric asymmetries extend also to
the way the human brain is functioning (Concha et al.,2012; Duboc et al., 2015
Güntürkün and Ocklenburg 2017). Indeed, functional neuroimaging approaches have
revealed how for instance the language system (Corbalis. 2015), processing of visual
and auditory stimuli (Vogel et al., 2003; Tervaniemi and Hugdahl, 2003) and even
emotional processing (Grimashaw and Carmel, 2014) are markedly lateralized.
Therefore, hemispsheric asymmetries seem to be frequently involved in human brain
architecture and function (Güntürkün and Ocklenburg 2017), however their impact on
brain processing and cognition is still poorly understood (Bianco et al., 2008; Concha
et al.,2012, Güntürkün and Ocklenburg 2017). Recent studies of the brain of different
vertebrates begin to shed light on this fascinating mechanism, significantly increasing
our knowledge on the genetic and neuronal bases underlying structural and functional
brain lateralization.
41.2 Brain asymmetries are widespread in the animal kingdom
Left-right asymmetries are a highly conserved feature of the animal brain as they can
be observed in species which are phylogenetically very distant (Concha et al., 2012;
Güntürkün and Ocklenburg 2017). For instance, In the nervous system of the
nematodes caenorabditis elegans l-r asymmetries can be observed in both AWC and
ASE sensory systems, which are required for odor and taste perception respectively
(Hobert et al., 2002). Both these sensory system consist of a set of two neurons, one
on the right (AWC-R/ASE-R) and on the left (AWC-L/ASE-L). In the olfactory
system, the expression of the str-2 encoded olfactory receptor is stocastically turned
off in one of the two AWC neurons, this in turn enables proper odor discrimination
and chemiotaxis. Similarly, in the ASE system, ASE-L expresses a different set of
sensory receptor of the guanilil cyclase class (Gcy) compared to ASE-R, this
difference in receptor distribution is conferring the ability to sense a broader spectrum
of water soluble compounds (Wes and Bargmann., 2001; Hobert et al., 2002; Ortiz et
al., 2009; Güntürkün and Ocklenburg 2017). In Chick, well known neuronal
symmetries exist at the level of the visual system (Rogers et al., 1988; Koshiba et al.,
2003). During embryonic development, only the right eye is accessible to light due to
the positioning of the embryo within the egg. As a consequence, the visual thalamus
(lateral geniculate nucleus, LGN) on the right side, will develop more thalamofungal
projections toward the ipsilateral and contralateral iperpallium compared to the right
thalamus (Rogers et a., 1999; Koshiba et al., 2002; Koshiba et al., 2003). This is
correlated with the lateralized use of the eyes during the post-embrionic life
(Dharmaretran et al., 2005): The right eye will specialize in the resolution of smaller
objects, like grains on a background of pebbles. The left eye will be used for sensing
macroscopic environmental changes like the overhead approaching of a predator
(Rogers et al., 2000; Rogers et al., 2007; Concha et al., 2012). These are just few
examples of the numerous strategies nature used to shape laterality in the animal brain
(Concha et al., 2012; Güntürkün and Ocklenburg 2017). The best described
neuroanatomical asymmetries to date are situated within the habenular circuit in the
zebrafish epithalamus and are represented as l-r difference in habenular circuit
sub-nuclear composition and connectivity pattern (Gamse. et al., 2003; Aizawa. et al.,
52005; Bianco. et al., 2008). Indeed, thanks to its suitability for imaging approaches
and genetic manipulation, the zebrafish model enables the fine dissection of genetic
and the functional pathways which underlies the establishment of structural and
functional asymmetires in the brain.
1.3 The habenular circuit in the zebrafish epithalamus
The Habenular circuit is part of the dorsal diencephalic conduction system (DDC),
relaying information from the medial forebrain into mid- and hindbrain structures
(Sutherland, 1982; Morgane et al., 2005; Bianco and Wilson 2009). In mammals, the
habenular complex can be anatomically subdivided in two separate nuclei on each
side of the brain: the medial (MHb) and lateral (LHb) habenulae (Herkenham &
Nauta 1977; Bianco and Wilson, 2009; Beretta et al., 2012). These nuclei are
physiologically involved in processing reward prediction and modulate behavioral
responses toward adversive stimuli (Benabid & Jeaugey 1989, Bianco and Wilson
2009; Boulos et al., 2017). In the zebrafish embryonic brain, the habenular nuclei are
composed of a ventral habenulae (vHb, which is homologous of the lateral habenulae
in mammals) and a dorsal habenulae (dHb, which is homologous of the Medial
habenulae) (Bianco and Wilson, 2009; Amo et al., 2010; Beretta et al., 2012; Beretta
et al., 2013). The dHb nuclei can be grossly subdivided into two different neuronal
populations, the medial habenular neurons (dHbm) and the lateral habenular neurons
(dHbl) (Aizawa et al., 2005; Gamse et al., 2005; Aizawa et al., 2007; Bianco et al.,
2008; Hüsken et al., 2014), which typically express different sets of potassium
channel tetramerization domain containing genes transcripts (Kctd2.1 for the dHbl
and kctd8 for the dHbm) (Aizawa et al., 2005; Gamse et al., 2005; deCarvalho et al.,
2014 ) (Fig. 1A,C). Importantly, the size of these two neuronal population differ
across the hemispheres. Namely, the dHbl population is larger on the left, whether the
dHbm neuronal population is larger on the right (Aizawa et al., 2005; Carl et al., 2007;
Bianco et a., 2008, Hüsken et al., 2014) (Fig.1 B,C). These different neurons project
axons which segregate dorso-ventrally on their way to their midbrain target, the
interpenduncular nucleus (Gamse et al., 2005; Bianco et al., 2008; Aizawa et al., 2005)
(Fig. 1 A, B). dHbl neurons innervate the dorsal IPN (dIPN), which signals toward the
6VTA (Ventral tegmental area) while dHbm neurons innervate the ventral IPN (vIPN)
(Fig. 1B) which is connected to the median raphe (MR) (Aizawa et al., 2005; Yi-Chu
et al., 2016). Interestingly, the habenular nuclei is also receiving lateralized afferent
innervation from different sensory nuclei (Turner et al., 2016). On the left, the
habenula is innervated by left positioned parapineal cells (Gamse et al., 2003; Garric
et al., 2014; Turner et al., 2016) and receives excitatory monosynaptic inputs from
bilateral EmT (eminentia thalami) in the thalamus (Turner et al., 2016; Concha et
al.,2003; Zhang et al., 2017) (Figure B). Conversely, the right habenula is exclusively
innervated by the mitral cells (MC) of the olfactory bulbs (OB) via the stria midullaris
(Miyasaka et al., 2009; Gayoso et al., 2011; Krishnan et al., 2014; Turner et al., 2016).
Therefore the left and the right habenulae receive lateralized innervation from
Figure 1:The asymmmetric habenular circuit
(A,C) Dorsal views, anterior to the top focused onto the dorsal diencephalon of (A) a
reporter line marking habenular neurons and their projections with GFP (C) Differentialy
labeled dHbl neurons (red) and dHbm neurons (green) at 3 dpf. Nuclei are DAPI labeled.
(B) Adapded from Bianco et al., 2008: Representation of the zebrafish embryonic brain and
the habenular circuit within. dHbm and dHbl neurons are differentially distributes and
laterotopically innervate the IPN. Hb, habenula; IPN, interpeduncular nucleus; P, pineal
gland; Tc, telencephalon; Tec, optic tectum; v,
7upstream sensory nuclei and translate them along the dorso-ventral axes via
laterotopic innervation of the IPN (Turner et al., 2016). This complex structural
architecture has in turn, profound functional implications (see below).
1.4 Functional asymmetries in the habenulae
The habenular circuit in the Zebrafish is a particularly suitable for the study of brain
lateralization as both functional and structural asymmetries are coexisting within the
same circuit (Dreosti et al., 2014). The left and the right habenulae express different
neurotransmitter genes, (Hong et al., 2013). The right habenula exclusively expressess
choline acetyltransferase and vesicular acetylcholine transporter homologs genes
(Hong et al., 2013) and optogenetic stimulation of the rHb elicit a tipical cholinergic
response in IPN neurons likely mediated by α 2 and β4 acetilcholine receptors (Hong
et al., 2013). The rdHb-vIPN colinergic pathway elaborates olfactive stimuly (Dreosti
et al., 2014; Jetti et al., 2014) and its activation mediates avoidance behavior in
response to adversive olfactive clues in a concentration dependent manner (Krishnan
et al., 2014) (Fig. 2). in contrast, the left habenula expresses neuropeptides like sst1.1
(somatostatin 1.1) and mediates the elaboration of visual stimuli ( deCarvalho et al.,
2014; Dreosti et al., 2014; Hüsken et al., 2014; Yi-Chu et al., 2016). The lHb
indirectly receives visual information from the retinas via the EmT and its activation
is required for the embryo to express light-preference behaviors (Zhang et al.,
2017)(Fig. 2). Recent studies showed that both the left and right Hb are
antagonistically active to regulate conflicts resolution and aggression. Indeed,
increased activation of the lHb-dIPN-VTA correlates with a stronger predisposition to
win. Conversely, activation of the rHb-vIPN-MR pathway correlates with an higher
likelihood for the fish to lose (Yi-Chu et al., 2016) (Figure 2). Intriguingly, in
manipulated brains in which the habenulae develop symmetrically displaying either a
double left-or a double right phenotype it becomes responsiveless to either odour or
8light respectively (Carl et al.,2007, Hüsken et al., 2014; Dreosti et al., 2014). Also,
embryos developing symmetric habenulae display reduced exploratory behavior and
increased cortisol levels, indicative of enhanced anxiety (Facchin et al., 2015). These
findings are consistent with the idea that the establishment of consistent neuronal
diversity in the habenulae is necessary for the Hb circuit to exert its multiple cognitive
functions. This consistency, in turn, is generated as a result of a very dynamic
interplay between different molecular players which act at different levels of the
habenular neuron differentiation cascade.
Figure 2: L-r asymmtries in habenular connectivity
Representation of afferent and efferent connectivity of the habenular circuit. The rHb relays information
from the olfactory bulbs into the vIPN and MR. The lHb is innervated by both the EmT and the PP and
project axons towrd the dIPN which is itself connected to the VTA. lHb, left habenulae; rHb, right
habenulae; IPN, interpenduncular nucleus; d, dorsal; v, ventral; Emt, eminentia thalami; MC, median
raphe; MC, mitral cells; PP, parapineal: P, pineal; VTA, ventral tegmental area.
91.5 The establishment of the habenular progenitor pool
Dorsal habenular neurons originates from a pool of stem cells in the dorsal
diencephalon. These stem cells are located anterior to the pineal organ and they are
dorsally positioned in respect to the Mid Diencephalic Organizer (MDO) (Scholpp et
al., 2007, Hagemann and Scholpp, 2012; Cavodeassi and Houart, 2012), a signalling
centre controlling regional differentiation of the neighbouring diencephalic areas
(Scholpp et al., 2007). Before they differentiate into neurons, habenular precursors
can be identified by the expression of two different markers, the homeodomain
trascription factor dbx1b (Dean et al., 2014) and the chemokine (C–X–C motif)
receptor 4b (cxcr4b) (Roussigné et al 2009). Dbx1 expression is firstly detected in
between 20 and 24 hpf and marks precursors in active proliferation (Dean et al., 2014).
Few hours later, around 30hpf, cxcr4b expression arises from a subset of dbx1b
positive precursors and its expression is rapidly terminated as soon as dHb precursors
become neurons around 36hpf (Roberson and halpern, 2017) (Dean et al.,
2014; Roussigné et al., 2009; Halluin et al., 2016). This suggested that transitioning
from dbx1b + progenitors toward cxcr4b+ cells may be indicative of the precursors
exiting their proliferative phase and entering their neuronal lineage (Roberson and
Halpern 2017). The MDO is a source of different morphogens like sonic hedgehog
(Shh), Wnt signalling (Wnt) and Fibroblast grow factor signalling (Fgf) (Crossley et
al., 1996; Hagemann and Scholpp, 2012; Mattes et al., 2012; Peukert et al., 2011;
Picker et al., 1999; Cavodeassi and Houart, 2012). Shh signalling originating from the
MDO has been proposed to have a pivotal role in the establishment of the habenular
progenitor pool (Halluin et al., 2016; Roberson and Halpern , 2017). Indeed In
smoothened mutants (smo-/-), in which shh signalling is inactive, expression of both
habenular precursors marker dbx1b and cxcr4b is strongly reduced. Precursor
generation/maintenance seem to require persistent Shh signaling in between 16 and
24hpf as pharmacological inhibition of Shh at later staged does not affect the size of
the Hb precursors population (Halluin et al., 2016). In addition to Shh also Wnt
signaling seems to play a role in the establishment of the Hb precursor pool. Wntless
(Wls) is a transmembrane protein required for the secretion of most Wnt lignds. In
Wls mutants the size of both dbx1b and cxcr4b precursor population is reduced (Kuan
10
et al., 2005). However, the temporal requirement for Wnt signaling in this process is
not known (Kuan et al., 2015)
1.6 Neurogenesis in the habenulae
Shortly after the establishment of the habenular progenitor pool around 20 hpf, these
cells experience a phase of sustained proliferation (Aizawa et al., 2007; Dean et al.,
2014). During this time, habenular precursors are equipotential, meaning that they
have an equal likelihood to become dHbl or dHbm neurons (Aizawa et al., 2007) (Fig.
3A). Lineage restriction for these cells is firstly detected around 24 hpf, the time at
which they undergo a first differentiation wave. This wave of differentiation is mainly
influences on the left side and reaches its peak at 32 hpf (Fig. 3B). During this time,
on the right side Hb precursor stay in an undifferentiated state. Shortly after the first
differentiation wave, a second wave influencing mainly progenitor cells on the right,
starting around 30 hpf and peaking at 48 hpf (Aizawa et al., 2007) (Fig. 3C). Notably,
neurons born during the first differentiation wave have an higher likelihood to become
dHbl neurons. In contrast, neurons born during the second differentiation wave
become predominantly dHbm neurons (Aizawa et al., 2007) (Fig. 3B,C).Temporal
regulation of this l-r difference in timing of neuron generation is controlled by Notch
signalling pathway (Aizawa et al., 2007). Notch signalling is known to be an
antagonizer of neurogenetic activity in neuronal stem cells and is often suppressed to
enable neuronal fate specification. (Lovi and Artavanis-Tsakonas 2006; Huang et al.,
2012). In embryos, in which Notch is ectopically up-regulated prior 30hpf,
neurogenesis is delayed and dHbm are mainly generated on both side of the brain.
Conversely, in embryos with inactive Notch signalling, premature differentiation
result in the development of a double left habenula (Aizawa et al., 2007). This
suggests that in between the first and the second differentiation wave the molecular
environment within the epithalamus may be dynamically changing and in this way
differentially affect the destiny of the neurons born at the time (Temple et al., 2001;
Aizawa et al., 2007). However, the mechanism underlying the l-r differential
activation of notch signalling is still unclear. Indeed both Notch ligands and effector
genes are expressed symmetrically within the developing habenulae (Aizawa et al.,
11
2007), only exception is the notch downstream effector her 6, which is found to be
slightly stronger on the right at 32 hpf (Aizawa et al., 2007). Therefore it is possible
that additional mechanisms may either directly modulate Notch or act in parallel to
ensure different timing of neurogenesis in the habenulae (Roussigné et al., 2009)
Figure 3: Asymmetric neurogenesis in the habenulae
Summary of events describing onset and progression of Hb neuron differentiation. (A) Neurogenesis occurs earlier
on the left starting from around 24 hpf via two different differentiation waves. (B) During the first differentiation
wave mainly dHbl neurons are generated. (C) During the second differentiation wave mainly neurons of the
dHbm subtype are generated.
12
1.7 Symmetry breaking signals
Anatomical asymmetries in the epithalamus comprise the different left and right
habenulae and the midline positioned Pineal Complex, which is itself composed of the
pineal gland (P) and the parapineal nucleus (PP) (Concha et al., 2001). Importantly,
on about the time Hb neurogenesis is starting on the left (24-30 hpf) PP cells detache
from the anterior/medial region of the pineal and migrate toward the left (Concha et
al., 2001). Later on, on about two days of development these cells will finally
innervate the left habenulae (Turner et al., 2016). Ablation of PP cells prior 30hpf
result in the habenulae to acquire a double right character by which mainly dHbm
neurons are born on both sides of the brain (Concha et al., 2003) showing that the PP
is required for left-differentiating Hb neurons to acquire the dHbl character (Gamse et
al., 2003; Gamse et al., 2005). Parapineal cell migration depends on both Nodal
sigalling and Fgf signalling (Concha et al., 2000; Concha et al., 2003; Regan et al.,
2009). During development, Nodal signaling is classically involved in the
establishment of the l-r body axis (Shier, 2003). Nodal gene expression in the left
lateral plate mesoderm is known to establish the laterality of various organs like heart
and pancreas (Hirokawa et al., 2006). In the brain, expression of Nodal genes can be
detected in the epithalamus starting from 18hpf (Halpern et al., 2003). At this time the
Nodal ligand cylops (Cyc), the Nodal secreted inhibitor lefty-1 and the downstream
transcription factor pitx2 are selectively expressed on the left (Concha et al., 2000;
Gamse et al., 2003 Rebagliati et al., 1998; Sampath et al, 1998; Regan et al., 2009). In
embryos in which Nodal signalling is compromised neuroanathomical asymmetries
still develop, however the laterality of both the PP nucleus and the Hb are randomized
(Concha et al., 2000). While Nodal signalling is controlling directionality of
parapineal migration Fgf signalling controls the migratory event per se (Regan et al.,
2009). Indeed, In Fgf8 mutant acerebellar (ace) mutants the PP do not migrate and
epithalamus develop symmetrically in the presence of left-sided Nodal signaling
(Regan et al., 2009). Exogenous application of Fgf8 is capable to rescue the observed
phenotype (Regan et al., 2009). Taken together, Nodal and Fgf signaling
synergistically control PP cell migration on the left at about the same time when notch
dependent neurogenesis is firstly occurring on the left. On top of these genetic
interactions, the likelihood that habenular precursor will become one or the other
13
neuronal type is critically controlled by the levels of Wnt-Axin1-tcf7l2-beta- catenin
signaling (Carl et al., 2007; Hüsken et al., 2014)
1.8 Wnt-Axin-1-Tcf7l2 signalling is required for habenular neuron to
elaborate of the dHbm character
Canonical Wnt signalling is involved in the control of neuronal differentiation in both
embryonic and post-embryonic brain (Carl et al., 2007; Wang et al., 2012). The
activation of the pathway is archived via the binding of Wnt ligands to the
Frizzled/LRP receptor complex which result in the recruitment of the β-catenin
'destruction complex' toward the membrane (MacDonald et al., 2009) (Fig. 4A). This
complex is composed of cytosolic proteins like Axin-1, adenomatosis polyposis
coli (APC), protein phosphatase 2A (PP2A), glycogen synthase kinase 3 beta (GSK3β)
and casein kinase 1α (CK1α) and is normally inducing β-catenin degradation by
targeting it for ubiquitination (MacDonald et al., 2009) (Fig. 4B). Therefore pathway
activation result in β-catenin translocation into the nucleus where it binds to
trascription factors of the Tcf family. Finally, the assembled trascriptional complex
Figure 4:Canonical Wnt Signaling pathway
Schematic representation of the canonical Wnt
signalling pathway. (A) Wnt ligands interact with
the receptor complex FZD/LRP. (B) As a
consequence of ligand binding, Dishevelled (DVL)
is recruiting the β-catenin destruction complex
toward the membrane. (C) β-catenin in then free to
translocate into the nucleus where it bind to TCF
transcription factor to induce the expression of Wnt
downstream genes.
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trigger the expression of Wnt- downstream genes (MacDonald et al., 2009) (Fig. 4C).
In embryos mutant for axin-1, Wnt is constitutively up-regulated (Heisenberg et al.,
2001; Carl et al., 2007). As a consequence, mutant embryos display reduced anterior
brain structure like the thelencephalon and the eyes, while posterior areas like the
diencephalon are markedly enlarged (Heisemberg et al., 2001; Carl et al., 2007). In
these mutants, the habenulae develop symmetrically acquiring a double right
character in which mainly dHbm neurons are born on both side of the brain and they
symmetrically innervate the ventral IPN (Carl et al., 2007). Interestingly, the opposite
phenothype is observed in mutants where Wnt signalling is suppressed. Embryos
mutant for the transcriptional modulator Tcf7l2 develop a symmetric habenulae with
“double left character” where more dHbl are born on the right side and habenular
projections target exclusively the dorsal IPN (Hüsken et al., 2014). This is
phenocopied by parmacological inactivation of Wnt signaling between 35-36 hpf,
showing that pathway activation is required within a very narrow time window
(Hüsken et al., 2014). Tcf7l2 is found in post-mitotic neurons and its expression
recapitulates dHb neuron differentiation starting first on the left side (Hüsken et al.,
2014). Furthermore, transplantation experiments indicate that Tcf7l2 acts
Figure 5: Wnt signaling is required
for Hb neurons to acquire the
dHbm character
Summary of events recapitulating Wnt
dynamics during habenular neuron
differentiation. On the left dHb neurons
acquire the dHbl character. This is due to
the fact that Wnt signaling is locally
alleviated by signals originating from the
parapineal, which starting from 24 hpf
migrates toward the left. On the right
post mitotic neurons transduce Tcf7l2
mediatd Wnt signalling to finally acquire
the dHbm character.
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cell-autonomously to bias post mitotic neurons toward the dHbm fate and does so
without affecting the Notch dependent timing of neurogenesis (Hüsken et al., 2014).
Importantly, parapineal ablation in tcf7l2 mutants still result in a double left character,
suggesting that symmetric dHbl phenotype is epistatic to the effect of parapineal
ablation (Hüsken et al., 2014). Taken together these evidences suggest a scenario in
which Tcf7l2 mediated Wnt signalling biases the destiny of post-mitotic neurons
toward the dHbm character. On the left, the parapineal locally alleviates Tcf7l2
mediated Wnt signaling and in this way, neurons born during the first differentiation
wave will acquire the dHbl character (Hüsken et al., 2014) (Fig. 5).
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2. Aim of the Thesis
The levels of Wnt signalling are critically controlling whether post mitotic habenular
neurons will acquire the dHbl or the dHbm character (Carl et al., 2007; Hüsken et al.,
2014). Neurons born earlier on the left will experience low levels of Wnt signalling
due to the parapineal signal and become dHbl neurons (Hüsken et al., 2014).
Conversely, neurons born during the second wave on the right will transduce Tcf7l2
mediated Wnt signalling and finally acquire dHbm character (Hüsken et al., 2014). In
this way, temporally regulated asymmetric neurogenesis in conjunction with Wnt
signaling results in the differentially represented dHbl and dHbm habenular neuron
population across the hemispheres (Carl et al., 2007; Hüsken et al., 2014).
Intriguingly, transient interference with Wnt/beta-catenin signaling using drug
treatments or transgenic techniques narrowed down the temporal requirement for
pathway activation and dHbm neuron generation on about 2 hours between 35-36 hpf
(Hüsken et al., 2014). These findings were rather surprising as several component of
the Wnt-signaling cascade as axins, trascription factors of the the Tcf family and Wnt
ligands are expressed before this time at least at mRNA level (Carl et al., 2007;
Hüsken et al., 2014; Thisse and Thisse, 2005; Thisse and Thisse, 2008; Young et al.,
2002), suggesting that Wnt signaling may be involved in processes other than dHb
neuron specification. One possibility is that the levels of Wnt signalling may be
temporally controlled and suppressed in developing habenular precursors until 36 hpf.
In order to explore this intriguing possibility the following points were assessed:
 Visualization of Wnt signalling activity in the epithalamus during Hb precursor
maturation/differentiation.
 Explore the consequences of premature manipulation of Wnt signalling on
habenular circuit development.
 Identification of the likely molecule antagonizing Wnt signaling during the early
phases of Hb neuron differentiation
 Identification of the mechanism underlying tight temporal control of Wnt
signaling.
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We found that Wnt signalling is naturally suppressed in developing Habenular
precursors. Premature induction of Wnt signalling critically delays Hb precursors
differentiation. As a consequence, Hb neurons on both side of the brain develop with
characteristics typical of dHbm neurons. We identified the molecule mediating this
suppression being the Wnt inhibitor factor 1 (Wif1). Wif1 is expressed in early
habenular precursors and temporally complements Tcf7l2 expression. Suppression of
Wif1 phenocopies the effect of early Wnt activation on habenular neuron
differentiation. Its expression is positively regulated by Wnt signalling showing that
the steady state of early Wnt signaling is achieved via dynamic negative feedback
loop. Our findings uncover a novel role for Wnt signalling in habenular neuron
differentiation and define a scenario in which “early” inhibition and subsequent “late”
activation of Wnt signalling is required for Hb precursors to properly enter and
complete their differentiation program. For the first time, we discovered an in vivo
role for a Wnt/Wif1 feedback mechanism in steering neurogensis, which will well
apply to many other neuronal populations in the light of similar temporal/spatial
expression pattern of Wif1 and Wnt ligands.
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3. Results
3.1 Wnt signaling is suppressed in early habenular precursors
Multipotent Hb precursors are born into a very dynamic molecular environment. As
they undergo maturation, these cells are instructed by the temporal and spatial
interplay of the different signaling pathways to finally acquire their morphological
and functional commitment. The Wnt signaling pathway is required for habenular
neurons to acquire the dHbm Identity and therefore the typical left-right asymmetry in
Hb structure and function (Carl et al., 2007; Hüsken et al., 2014). Transient
interference with Wnt/beta-catenin signaling using drug treatments or transgenic
techniques narrowed down the temporal requirement for pathway activation and
Figure 6: Wnt signaling activity in and around the developing habenulae.
(A-C, E-G) Dorsal views, anterior to the top focused onto the dorsal diencephalon of
tg(7xtcf-Xla.Siam:nlsmCherry); tg(flh:GFP); tg(foxD3:GFP) transgenic embryos at stages
indicated. DAPI stained nuclei are blue, red fluorescent nuclei indicate active Wnt signaling and
the pineal complex is labeled in green for orientation. Dotted line encircles the region of the
developing habenulae.(E) same as in B to enable comparison. (D) Graph shows the increasing
number of Wnt active habenular precursors, which are (H) increased, when Wnt signaling was
activated by drug treatments as indicated. Hb, habenulae; MDO, mid- diencephalic organizer; P,
pineal; Tc, telencephalon.
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dHbm neuron generation on about 2 hours between 35 and 36 hpf (Hüsken et al.,
2014). These findings were rather intriguing indeed several component of the
Wnt-signaling cascade as axins, trascription factors of the the Tcf family and Wnt
ligands are expressed before this time at least at mRNA level (Hüsken et al., 2014),
suggesting that Wnt signaling may be involved in processes other than dHb neuron
specification. One possibility is that Wnt signaling may be suppressed in developing
habenular precursor until 36 hpf. To support this hypothesis, we first assessed when
Wnt activity is first detectable in the developing epithalamus by using Wnt read out
line tg(7xtcf-Xla.Siam:nlsmCherry)ia5 (Moro et al., 2012). This transgenic line carries
a monomeric Cherry protein (mCherry) under the control of seven multimerized TCF
responsive elements upstream of the minimal promoter of the Xenopus direct
β-catenin target gene siamois (Moro et al., 2012). By using this reporter we found that
already from 22 hpf, few Wnt active cells are present in the presumptive habenula
region (1, 9 +/- 1,5; n=11) (Fig. 6A,D) the number of which slightly increased by 28
hpf (7 +/- 3,73; n= 19) (Fig. 6B, D). At this time, cells of the anteriorly adjacent mid
dyencephalic organizer (MDO) already show widespread Wnt activity. The number of
fluorescent nuclei in the developing habenulae further increased by 36 hpf (29,3 +/-7;
n=10) (Fig. 6C, D), suggesting Wnt activity in an increasing number of cells over
time. These findings also indicate that Wnt signaling is normally not active in the
majority of habenular precursors before 36 hpf. However, a few early habenular cells
showed active Wnt signaling, which implies that possibly Wnt pathway components
are readily present in all habenular precursors before 36 hpf, but that the pathway is
normally suppressed. To assess this possibility, we activated Wnt signaling by
blocking Gsk3β in tg(7xtcf-Xla.Siam:nlsmCherry); tg(flh:GFP); tg (foxD3:GFP)
transgenic embryos for 30 minutes at 26 hpf using Lithium Chloride (LiCl)
(Stambolic et al., 1996). In line with our theory, the treatment caused a significant
increase of Wnt active habenular precursors at 28 hpf compared to the control
(CTRL:7 +/- 3,73; n= 19; LiCl:11,35 +/- 4,4 ; p < 0,003; n= 17) (Fig. 6D, E).
Similarly, treatments with the Gsk3β inhibitor (2’Z,3’E)-6-Bromo-indirubin-3’-oxime
(BIO) (Meijer et al., 2003) caused an increase in the number of Wnt active cells
compared with embryos treated only with DMSO (DMSO: 8,33 +/-4,32, n=6; BIO:
14,29 +/-4,96, n=7, p=0,04)(Fig. 6F) although the effect was less robust compared to
LiCl treatments. These data allowed us to conclude that Wnt signalling is likely
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suppressed in dHb precursors until it influences neuronal fate outcome during late
stages of differentiation.
3.2 Premature induction of Wnt signaling perturbs Hb neurons
differentiation
We found that Wnt signaling is likely kept in a silent state prior 36 hpf. Intuitively, we
speculated that induction of Wnt signaling at these early stages could be rather
harmful for habenular precursors. To explore this possibility, we prematurely
activated Wnt signalling and observed the development of the habenular circuit. The
Et(-1.0otpa:mmGFP)hd1 reporter line GFP labelles all Hb neurons and their
projections toward the IPN as well as neighboring thalamic neurons in the
pre-thalamus (Beretta et al., 2013; Beretta et al., 2017). Therefore this transgenic line
enables a general overview of spatio-temporal key events in Hb circuit developent
starting from 43 hpf time at which the GFP is firstly detected in the Hb (Beretta et al.,
2017; Beretta et al., 2012; Beretta et al., 2013). In a series of experiments,
Et(-1.0otpa:mmGFP)hd1 embryos were treated with the Gsk3β inhibitor LiCl for 30
min between 20 hpf and 32 hpf and subsequently fixed at 48 hpf (Fig. 7A, A’,E and
and Table S1). Intriguingly, embryos treated with LiCl between 24 and 26 hpf did not
develop any GFP expressing habenular cells at 48 hpf (Fig. 7A-B’, E and Table S1).
Interestingly the loss of GFP neurons appeared specific for the Hb, as GFP positive
neurons in the thalamus were largely unaffected as the overall morphology of the
dorsal diencephalon as judged by nuclear staining (Fig. 7A, A’). In order to confirm
that the observed effect was dependent on the manipulation of Wnt signaling, the
same experiment was performed by using the Wnt activator BIO. Similarly, the
continuous bathing of Et(-1.0otpa:mmGFP)hd1 embryos in the Wnt agonist between
22 and 28 hpf resulted in a critical reduction of GFP positive neurons in the habenulae
at 48hpf as the one observed for LiCl (data not shown). Such a dramatic reduction of
Hb neurons could be consequential to both a deficit in the establishment of the Hb
precursor pool or the inability for dHb precursor to become differentiated neurons. To
discriminate between these two possibilities, Et(-1.0otpa:mmGFP)hd1 embryos were
treated with LiCl between 24 and 26 hpf and co-stained at 48hpf for the pan-neuronal
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marker HuC/D and the endogenous GFP or alternatively stained for the habenular
precursor marker cxcr4b (Roussigne et al., 2009). Intriguingly, while in treated
Figure 7: Premature activation of Wnt signaling delays habenular neuron
differentiation.
(A-D’) Dorsal views, anterior to the top focused onto the dorsal diencephalon of (A, B’)
Et(-1.0otpa:mmGFP) and (C, D’) WT embryos at stages indicated. Nuclei are DAPI labeled. (A,
B’) Transient activation of Wnt signaling between 24 hpf and 26 hpf causes a loss of GFP
expression at 48 hpf in habenular neurons of Et(-1.0otpa:mmGFP) transgenic embryos.(C,C’,B,
B’, D,D’,F,G) Expression of habenular precursor marker cxcr4b is largely unaffected while the
number of HuC/D positive differentiating habenular neurons is strongly reduced at both 48 and
36 hpf, notably, their l-r asymmetric development remains unchanged. Hb, habenulae; P, pineal;
ns, not significant; Tc, telencephalon; Tec, optic tectum; Th, thalamus.
22
embryos the reduction in GFP positive neurons was accompanied by a marked
reduction in HuC/D positive cells (Fig. 7B, B’ Table S2), the expression of the
habenular precursor marker cxcr4b was largely unaffected (Fig. 7C,C’ Table S2).
Showing that the observed loss of GFP positive neurons is likely due to a reduction in
the number of post mitotic habenular neurons. In order to confirm the above results
and provide a precise quantification of the observed effect, we treated again embryos
with LiCl and fixed them at 36hpf. At this stage, the number of HuC/D positive
neurons is naturally lower so that stained neurons can be precisely counted. In line
with the reduction observed at 48 hpf, the number of HuC/D positive neurons was
significantly lower in treated embryos compared to controls (control: 19.5 +/-4.4,
n=12; LiCl: 10,6 +/-5.8, n=12, p=0.0003)(Fig. 7D,D’ and F). In contrast to this effect,
the typical left bias in the onset of Hb neurogenesis was unaffected as also in LiCl
treated embryos the number of HuC/D positive neurons was more abundant on the left
side (control: 0.67 +/-0.53, n=12; LiCl: 0.6 +/-0.26, n=12, p=0.53)(Fig.2 D,D’ and G).
Also in this case the morphology of the diencephalon as well as the cell count of the
adjacently developing pineal organ were indistinguishable from the control group
(control: 20.71 +/-1.60, n=7; LiCl: 21.13 +/-1.73, n=8, p=0.64). Taken together these
observation suggest that Hb precursors need to be protected from the activation of
Wnt signaling prior to 36 hpf, as premature activation of the pathway result in Hb
precursor to fail entering their differentiation program.
3.3. Delayed neurogenesis affects asymmetric dHb neuron
differentiation
Transient induction of Wnt signalling between 24 and 26 hpf results in a marked
reduction of differentiated Hb neurons at 48 hpf. In order to investigate the destiny of
these few differentiating neurons we monitored habenular development at a later
developmental stage by using the Et(-1.0otpa:mmGFP)hd1 reporter. Interestingly, at
72hpf, LiCl treated embryos displayed GFP expression in the habenulae even if
slightly reduced (Fig. 8A, A’). This suggests that first, neurons still acquire the dHb
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fate and that second, the reduction observed at 48hpf is likely caused by a marked
delay in the timing of neurogenesis. Habenular neurons are typically generated via
Figure 8: Premature Wnt signaling causes a reduction of dHbl neurons and symmetric
IPN innervation
(A-C’) Dorsal views, anterior to the top focused onto the dorsal diencephalon of (A, A’, D, D’)
Et(-1.0otpa:mmGFP) and (B-C’) wild type embryos at 3 dpf. Nuclei are DAPI labeled. (A, A’)
LiCl treated Et(-1.0otpa:mmGFP) embryos show delayed habenular neuron differentiation. (B-C’,
E) Accordingly, markers for both the (B, B’) dHbl and (C, C’) less severely also dHbm neurons
are reduced. (D, D’, F) Lateral views of IPN innervation by habenular efferent axons, anterior to
the left. Treated embryos show a consistent innervation of only the vIPN indicating the generation
of predominantly dHbm neurons. d, dorsal; Hb, habenula, IPN, interpeduncular nucleus; Tec, optic
tectum; v, ventral.
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two subsequent differentiation waves (Aizawa et al.,2007). The different timing at
which Hb neurons are born is closely related to their subsequent destiny, so that
neurons born during the second wave have an higher likelihood to become dHbm
neurons. Therefore we expected that premature activation of Wnt signaling would
consequently result in Hb precursors to acquire the dHbm rather than the dHbl. To
explore this possibility, we stained treated embryos with the dHbl maker kcdt2.1 and
the dHbm marker kcdt8 at 72hpf. Interestingly, while the expression of kcdt2.1 was
nearly abolished, the dHbm marker kcdt8 was only mildly reduced (Fig. 8B-C’, E and
Table S2.). The same trend was followed by the dHbl marker Et(gata2a:EGFP)pku588
(Fig. 8A,A’ and Table S2) and the dHbm marker Tg(hsp70-brn3a:GFP)rw0110b (Fig.
8B,B’ and Table S2). Further suggesting that as a consequence of their delayed
differentiation, most dHb precursors might acquire characteristics typical of dHbm
neurons at the expenses of dHbl neurons. In order to unambiguously confirm these
observations we looked at habenular projection in the Et(-1.0otpa:mmGFP)hd1 as
dHbm neurons are typically innervating the vIPN, while dHbl neurons innervate the
dIPN. Intruguingly, in treated Et(-1.0otpa:mmGFP)hd1 embryos both left and right
dHb axons were innervating the vIPN instead of segregating along the dorso-ventral
axis confirming their dHbm origin (Fig. 8D,D’, F and Table S3). However, it is still
possible that early induction of Wnt signalling could directly affect IPN development
and thereby influence the distribution of afferent axons. The IPN can be typically
identified by the expression of somatostatin 1 (sst1), which has been used as an
indicator of structural IPN integrity (Beretta et al., 2017). In order to sort out whether
in treated embryos the IPN was developing normally or not , Et(-1.0otpa:mmGFP)hd1
embryo were simultaneously stained for sst1 and the endogenous GFP. Interestingly,
symmetric vIPN innervation was correlating with an overall normal expression of
sst1(Fig. 9C,C’ and D,D’). We only noted that in LiCl treated embryos the expression
of sst1 was partially extended posteriorwards likely due to a slight developmental
delay (Fig. 9D,D’). We also excluded that our results may have originate from a
defect in parapineal cell migration, as parapineal ablation prior 30hpf has been proven
to result in the development of a double right habenulae (Concha et al., 2003, Gamse
et al., 2003, Gamse et al., 2005). However in LiCl treated embryos the leftward
migration of the parapineal was never affected (data not shown). We concluded that
early suppression of Wnt signaling is required for Hb precursors to undergo early
differentiation into dHbl neurons. Indeed premature Wnt pathway activation causes
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dHb precursor cells to skip the first differentiation wave and differentiate into dHbm
neurons (Fig. 9E).
Figure 9: Premature activation of Wnt signaling delays
habenular neuron differentiation
(A-D’) Dorsal views, anterior to the top focused on the (A-B’)
developing habenulae and (C-D’) IPN. (A-B’) Nuclei are DAPI stained.
(A-B’) At 72 hpf, GFP expression in the dHbl neurons of
Et(gata2a:EGFP) embryos and less evident in the dHbm of
Tg(hsp70-brn3a:GFP) embryos are reduced upon LiCl induced Wnt
signalling activation. (E-F’) Habenular efferent axons innervate the
ventral IPN only in the presence of largely normal expression of
somatostatin1 in the IPN of Et(-1.0otpa:mmGFP) embryos.(E)
Summary of events during Hb circuit development: LiCl and BIO
treatments cause a delay in Hb precursor (blu) differentiation into
HuC/D post mitotic neurons (yellow). As a consequence neurogenesis is
delayed, Hb neurons acquire the dHbm character and they bilaterally
innervate the vIPN. PP, parapineal; IPN, interpenduncular nucleus; Hb,
habenulae; d, dorsal.
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3.4 Wif1 is expressed in the presumptive habenulae during Hb
neuron differentation
Our result suggest that Wnt/beta-catenin pathway components required for signaling
activity are expressed in early habenular precursors. These components must be kept
inactive to allow the precursors to differentiate early into dHbl. Therefore it is
conceivable that habenular precursors need a mechanism to protect themselves at
early stages from incoming Wnt ligands. The wnt inhibitor factor 1 (Wif1) is a
secreted molecule that binds to Wnt ligands and inhibits their interaction with the
Figure 10: Wif1 expression temporally complements Tcf7l2 expression and
habenular neuron generation
(A-C) and (D-F left) lateral views, anterior to the left and (D-F right) and (G-I) dorsal
views with anterior to the top focused on the diencephalon of wild type embryos at
stages indicated. Wif1 is discretely expressed in the developing habenular region
(arrowheads) until Tcf7l2 expression is initiated at 36 hpf and influences dHb neuron
differentiation (Hüsken et al., 2014). Hb, habenula; P, pineal; Tc, telencephalon.
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frizzled/LRP receptor complex. Wif1 can directly bind to canonical and
non-canonical Wnt ligands (Wnt3a, Wnt4, Wnt5a, Wnt7a, Wnt8, Wnt9a, Wnt11)
(Hsieh et al., 1999; Kawano and Kypta, 2003) and does so in different developmental
and pathological contexts. Indeed, Wif1 function has been linked to mainly lung, bone
and tooth formation besides being a crucial oncogene linked to the formation of
various tumors (Kansara et al., 2009; Lee et al., 2015; Ramachandran et al., 2012;
Wissmann et al., 2003; Xu et al., 2011). Importantly, we found that wif1 is bilaterally
expressed in the presumptive habenulae during the time at which Hb neurons
differentiate and displays a striking spatio-temporal pattern (Fig. 10A-F). Indeed, wif1
is expression starts around 20 hpf, increases at around 24 hpf and subsequently
progressively shades away and is undetectable between 36-38 hpf (Fig. 10A-F).
Interestingly, this is exactly the time in which the levels of Wnt signaling are rising up
to impose the dHbm character on post mitotic dHb neurons (Hüsken et al., 2014). As
the transcription factor Tcf7l2 is the principal mediator of this late role of Wnt
signalling, we compared the expression pattern of Tcf7l2 with the one of wif1. In line
with previous observations we found the expression of these genes largely
complementary, indeed the disappearance of wif1 expression is paralleled by a
progressive increase in Tcf7l2 expression in the habenulae (Fig. 10G-I). This strongly
suggest that wif1 may be the likely antagonzer of Wnt signaling during the early
stages of habenular neuron development.
3.5 Wif1 knockdown phenocopies early Wnt activation
wif1 is expressed in the developing habenulae at the time at which Hb precursors need
to be protected from upcoming Wnt ligands. Therefore it is possible that wif1 may be
the likely inhibitor involved in this process. If this is the case, loss of wif1 may result
in a very similar phenotype to the one observed upon LiCl and BIO treatments.
Notably, wif1 is expressed starting already at gastrulation stages in the paraxial
mesoderm and plays a pivotal role in posterior axis formation (Hsieh et al., 1999;
Thisse and Thisse, 2005). Therefore, to avoid early embryonic malformations, we
chose to analyze embryos hypomorphic for wif1 using an established wif1 morpholino
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(Yin et al., 2012). Also in this case we use the Et(-1.0otpa:mmGFP)hd1 transgenic line
as it proved to be a very powerful read-out for Hb circuit development. Intriguingly,
morpholino injection into these embryos resulted in a loss of GFP positive neurons in
the habenulae at 48hpf very similar to what we had observed with drug treatments
(Fig. 11A-B’ and Table S4). Also in this case, the effect appeared to be very specific
as the expression of GFP in neighboring thalamic neurons was unaffected as well as
the overall morphology of the habenular nuclei, as shown by the DAPI staining (Fig.
11A-A’). We therefore investigated whether the observed reduction was also in this
case caused by a reduction of differentiated neurons. Interestingly, at 48 hpf, HuC/D
expressing differentiating habenular neurons were strongly reduced in wif1 morphants
Figure 11: Wif1 knock down mimics the effects of premature transient
activation of Wnt signaling
(A-D’) Dorsal views, anterior to the top focused onto the dorsal diencephalon of (A,
B’) Et(-1.0otpa:mmGFP) and (C, D’) wild type embryos. Nuclei are DAPI labeled.
(A-C’) At 48 hpf, Wif1 morphant embryos exhibit the lack of GFP in the habenulae in
Et(-1.0otpa:mmGFP) transgenic embryos and a reduction in HuC/D positive
differentiating neurons in the presence of largely unaffected cxcr4b expression in
habenular precursor cells (Roussigne et al., 2009). (D,D’, F) Wif1 hypomorphic
embryos exhibit strong reduction of HuC/D positive neurons at 36hpf.Hb, habenulae;
P, Pineal.
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(Fig. 11B-B’ and Table S4). Conversely, the expression of the precursor marker
cxcr4b was unaffected (Fig. 11C-C’ and Table S4) as well as the leftward migration
Figure 12: Wif-1 down regulation delays Hb
neuron differentiation
(A-D’) Dorsal views, anterior to the top focused on the
developing habenulae and (E-E’)lateral view anterior to
the left focused on the IPN. (A-D’) Nuclei are DAPI
stained. (A, B’, F) At 72 hpf expression of the dHbl
markers Kctd12.2 and Et(gata2a:EGFP) embryos is
reduced upon Wif1 knock down.(B, D’, F) At 72 hpf the
effect of wif-1 knockdown is less severe for the dHbm
markers kctd8 and Tg(hsp70-brn3a:GFP).(E,E’)Wif1
knockdown embryos show a consistent innervation of
only the vIPN indicating the generation of predominantly
dHbm neurons.(H) Completion of the model in Figure 4:
Wif-1 downregulation (highlighted in red) leads like LiCl
and BIO to premature Wnt activation, delayed
neurogenesis and symmetric IPN innervation. d, dorsal;
Hb, habenula, IPN, interpeduncular nucleus; P, pineal; v,
ventral.
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of the parapineal (data not shown). We then proceeded with the quantification of the
observed effect, Wif1 morphants were fixed at 36 hpf and HuC/D positive neurons
were counted. As observed in LiCl treated embryos, wif1 down-regulation resulted in
a very significant reduction in the number of HuC/D positive cells (control: 9.14
+/-4.6, n=7; Wif1 Mo: 0.38 +/-0.74, n=9, p<0.0001) (Fig. 11D-D’) whereas both the
morphology of the dyencephalon and the number of the neighboring pineal cells
appeared unaffected (control: 12.63 +/-1.51, n=8; Wif1Mo: 11.88 +/-1.46, n=11,
p=0.328)(Fig. 11D-D’). These results s uggest that indeed wif1 down-regulation likely
result in increased levels of Wnt signalling within the habenular precursor anlage. To
further prove this point we asked whether the reduction of wif1 influences the destiny
of Hb neurons towards the dHbm character and stained Wif1 morphants for the
different dHbl and dHbm markers at 72hpf. Overall, the expression of the dHbl
markers Kctd12.1 and Et(gata2a:EGFP)pku588 was strongly reduced (Fig. 12A-B’, F
and Table S4) compared to the dHbm markers Kctd8, Kctd12.2 and
Tg(hsp70-brn3a:GFP)(Fig. 12C-D’,F and Table S4). However some of the dHbm
markers, as for instance Kctd8, was not as reduced as upon LiCl treatments ( Table
S2-S4). Considering this we analysed the innervation pattern of dHb axons in wif1
hypomorphic condition. Notably, dHb axons were targeting exclusively the vIPN in
Et(-1.0otpa:mmGFP)hd1wif1 hypomorphic embryos (Fig. 12E,E’ and TableS3). These
data suggest that Wif1 is the central mediator of early suppression of
Wnt/beta-catenin in habenular precursor cells. Lack of Wif1 results in premature
activation of the pathway, a delay in habenular neuron specification and their
subsequent development into dHbm neurons on both sides of the brain (Fig. 12H).
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3.6 Wnt/beta-catenin signaling functions in a feedback loop to shield
dHb precursors
Wif1 is expressed in close proximity to the MDO, which is a source of Wnt signaling
patterning the pre-thalamus and thalamus (Hagemann and Scholpp, 2012; Cavodeassi
and Houart, 2012). Ligands emanating from the organizer are likely inducing specific
transcriptional programs also in the dorsally positioned habneular precursors cells.
We speculated that the expression of wif1 could be induced or modulated by Wnt
signaling. In support of this hypothesis, previous studies showed that Wnt signaling
can negatively or positively regulate itself during certain processes in development
and disease (Licchesi et al., 2010; Cowling et al., 2007). The self-regulation often
involves a variety of molecules, which can include Wif1 (Zirn et al., 2006; Diep et al.,
2004; Vaes et al., 2005; Boerboom et al., 2006). To clarify this point, we used
different approaches to modulate Wnt signaling levels during development and
assessed whether the expression of wif1 was consequently affected. In the
tg(hsDkk1:GFP) transgenic line, ectopic over-expression of the Wnt inhibitor Dkk1
can be triggered at defined time points by providing a prolonged 37C° heat shock
(Stoick-Cooper et al., 2007). Dkk1 was induced starting from 22hpf and the resulting
GFP positive embryos as well as the GFP negative non-transgenic control embryos
were fixed at 25 hpf. Intriguingly, in the large majority of the GFP positive embryos,
wif1 expression appeared strongly reduced (Fig. 13B; Table S5) compared to controls
(Fig. 13A). In order to further confirm this result and assess the Wnt dependence of
the observed effect, Wnt down-regulation was induced further downstream in the
pathway by using the Wnt inhibiting drug IWR. This drug is stabilizing Axin1 and
therefore promoting β-catenin degradation. We find that also IWR-mediated
inhibition of Wnt signalling at 22hpf for 3hr resulted in reduced wif1 expression at
25hpf (Fig. 13C and Table S5). Tcf7l2 binds to β-catenin to induce Wnt downstream
genes downstream Axin-1 (Carl et al., 2007, Hüsken et al., 2014). Interestingly, in
Tcf7l2 mutants wif1 expression appeared not to be affected (Fig. 13D). The likely
explanation is that at these early stages Tcf7l2 is not expressed in the habenulae and
therefore wif1 expression may be induced under the control of another member of the
Tcf transcription factor family. These results show that wif1 expression is modulated
by Wnt signalling and prompted us to explore the reverse approach and assess
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putative changes in wif1 expression upon Wnt up-regulation. To obtain transient
up-regulation of the pathway, embryos were treated with LiCl for 30 min at 22 hpf
and fixed at 25 hpf in analogy to the Wnt downregulation experiments. Strikingly, we
found the expression of wif1 to be markedly increased (Fig. 13F and Table S5). The
very same effect was observed when embryos were bathed in the Wnt activating drug
BIO, also starting from 22hpf (Fig. 13E and Table S5). To observe whether this
phenomenon was reproduced in a mutant background we assessed the expression of
wif1 in axin1-/- embryos in which a mutation in the GSK3beta binding site in Axin-1
leads to constitutive activation of the Wnt signaling pathway. Also in this case the
Figure 13: Wif1 expression is regulated by Wnt signaling
(A-G) Lateral views with anterior to the left focused on the diencephalon at 26 hpf labeled for
Wif1 expression. (A-D) Wnt downregulation results in a decrease of Wif1 expression in the
habenulae (asterisks in B, C) with the exception of Tcf7l2 mutant embryos, which is consistent
with the temporally complementing expression of Tcf7l2 and Wif1. (E-G) Wnt upregulation
causes an increase in Wif1 expression. Hb, habenula; Tc, telencephalon.
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expression of wif1 was increased at 25hpf further proving a positive regulation of wif1
by Wnt signalling (Fig. 13G and Table S5). Notably, Wif1 expression is persistent till
36 hpf. Therefore it is possible that positive regulation by Wnt signalling may be
active throughout the whole period of wif1 expression. In order to evaluate if this is
the case, Wnt down- and up-regulation was induced 10 hours later by using the
different approaches reported above but embryos were fixed at 34 hpf. Notably, also
in this case the expression of wif1 was induced by the increase in Wnt signalling (data
not shown). These findings demonstrate that Wif1 is part of a Wnt regulatory
feedback loop, which may buffer habenular precursor cells from extracellular Wnt
ligands.
3.7 Ectopic overexpression of the Wnt8 ligands does not markedly
affect dHb neuron differentiation
Wnt inhibition via IWR mediated stabilization of Axin-1 or via ectopic
overexpression of Dkk1 results in a marked reduction of wif1 expression. Conversely,
up regulation of Wnt signalling via inhibition of Gsk3β or in Axin-1 mutants results
in the increase in wif1 expression. Therefore we speculated that early suppression of
Wnt signaling is occurring via a Wif1 mediated feedback inhibition. If our hypothesis
is correct premature activation of Wnt signalling should be buffered by an increase in
wif1 expression enabling Hb precursor to proceed toward their differentiation program.
However upon BIO and LiCl treatments the resulting increase in wif1 expression is
not capable to rescue the observed delay in Hb neuron differentiation. One possible
explanation is that both LiCl and BIO are inhibiting Gsk3β which is acting
downstream the ligand/receptor complex. In this scenario, the activation state of the
Wnt signaling pathway would become insensitive to any secreted factor, either ligand
or inhibitor like wif1. To confirm this hypothesis we up-regulated Wnt signalling at
ligand level by using the tg(hsp70l:Wnt8a-GFP) transgenic line which enables
activation of Wnt signalling up-stream the receptor complex (Weidinger et al., 2005).
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Initially we assessed whether ectopic overexpression of the wnt8 ligand would trigger
an increase of wif1 expression at 25 hpf. Surprisingly, heat-shock induction resulted in
a dramatic enlargement of the wif1 expression domain, spanning throughout the entire
embryo including the habenulae (Fig 14B,B’ and Table S5),. However, in line with
our hypothesis, these embryos exhibited no gross abnormalities in both GFP
expressing dHb cells and IPN innervation pattern as shown by the
Et(-1.0otpa:mmGFP)hd1 reporter line (Fig. 14A,A’). Also, the overall expression of
kctd12.1 and kctd8 appeared very similar to the control (Fig. 14C-D’ and Table S6).
These findings are consistent with the idea that unlike the intracellular activation of
the pathway, extracellular Wnt ligands can be compensated for by increased Wif1
levels. It still remains to elucidate what mechanism underlies the temporal control of
Figure 14: Transient extrinsic activation of Wnt signaling has no major effect on
dHb development
(A, A’, C-D’) Dorsal views with anterior to the top focused on the diencephalon at stages
indicated. (B, B’) Lateral view, anterior to the left focused on the head region. Heat shock
activation of Wnt8 expression strongly induces Wif1 expression but has no major effect
on (A, A’) Et(-1.0otpa:mmGFP), (B, B’) Kctd12.1 or (C, C’) Kctd8 expression in
habenular neurons.
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decreasing Wif1 expression, which allows subsequently to influence dHb neuronal
fate
3.8 Wif1 is transiently expressed in the presumptive IPN
Wnt signalling needs to be suppressed in habenular precursors to allow their
temporally defined differentiation into the different neuronal subtypes. This
suppression is achieved trough Wif1, which acts like a guardian to shield precursors
from Wnt ligands and does so via feedback inhibition of the Wnt pathway.
Interestingly, we found that wif1 is also expressed in the presumptive IPN from
around 40 hpf (Fig. 15A,A’). By looking at wif1 expression time course, we noted that
while the expression of the gene is initially very strong, its levels are progressively
shading over time so that at 72hpf its expression is nearly undetectable (Fig. 15B).
Also Wnt ligands are expressed around this time in the IPN like for instance wnt8b
which is found in the presumptive IPN region around 48hpf (Thisse and Thisse, 2005;
Thisse and Thisse, 2008). Importantly, the timing of wif1 and Wnt ligand expression
in the IPN corresponds to the timing of IPN innervation by dHb efferent axons. Hence
we speculated that perhaps, as in the dHb, suppression of Wnt signaling would be
required for IPN precursors to enter their neuronal lineage. The maturation state of
IPN cells, in turn might have an influence on the approaching Hb efferent projections.
In order to explore this exciting hypothesis we performed a series of preliminary
experiments in which we used LiCl to activate Wnt signaling at 48 hpf in
Et(-1.0otpa:mmGFP)hd1 transgenic embryos. We choose this time-point as Wnt
activation is unlikely to affect neurogenesis in the habenulae at these late stages.
Interestingly, in the 40% of the treated embryos the innervation of the IPN was
critically impaired or absent (n=20) at 72hpf (Fig. 15C-D). These preliminary data
suggest that Wif1 may control the level of Wnt signalling not only in the Hb but also
in the IPN and in this way tuning the overall wiring of the habenular circuit. However
further experiments will be required for getting further insight into this fascinating
mechanism.
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Figure 15: Possible involvement of the Wnt signaling pathway in the development
of the IPN
(A, A’, C-D) Dorsal views with anterior to the top focused on the IPN at stages indicated.
(A,B) Wif-1 is expressed in the presumtive IPN and its expression progressively decreases
over time. (C,D) Wnt signalling activation at 48hpf via LiCl on Et(-1.0otpa:mmGFP)
embryos result in loss of IPN innervation at 72hpf. IPN, interpenduncular nucleus.
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3.9 Generation of the wif1 mutant via Crispr/cas9 mediated genome
editing
The knockdown of the wif1 gene obtained via an established morpholino allowed us
to uncover its Wnt modulating function within the developing epithalamus. In order to
implement and further confirm our morpholino based data-set we used the
CRISPR/Cas9 technology to generate a wif1 Knock out (Hwang et al., 2013; Auer et
al., 2014; Hisano et al., 2015) The wif1 protein is composed of a WIF (Wnt inhibitory
factor) superfamily domain at the N-terminal and five EGF repeats at the C-terminal
(Hsieh et al., 1999). For our CRISPR approach we decided to target the WIF domain,
on one hand to specifically inhibit the ability of wif1 to bind to Wnt ligands and on
the other to avoid the possible onset of compensatory mechanisms. In order to predict
the best gRNAs targeting within the first 4 exons of the wif1 gene (which encode for
the WIF domain) we used the CCTop target predictor (Stemmer et al., 2015) and we
selected two different gRNAs targeting the second exon gWifE2 and the forth exon
gWifE4 (see section 5.11.1 in experimental procedures for target sequences). In order
to test the efficiency of both gRNAs, gWifE2 or gWifE4 were injected together with
the Cas9 mRNA in the cytoplasm of 1 cell stage WT zebrafish embryos. Cas9
mediated DSBs (double strand breaks) result in a mosaical range of different genomic
modification within the same FO embryo, which makes the analysis of gRNA
efficiency rather complicated. In order to overcome this problem we analyzed our
freshly injected embryos using the Illumina MiSeq technology (Gagnon et al., 2014)
(in colaboration with Dr. Ana Faro in Steve Wilson lab, UCL, London, UK). Indeed,
by enabling single molecule sequencing, the MiSeq provide an overview of the entire
range of Cas9 mediated modifications that occurred within a specific locus (Gagnon
et al., 2014). Briefly, genomic DNA was extracted from pools of 10 injected embryos
vs controls and the gWifE2 or gWifE4 target sequences amplified by using MiSeq
primer tags. Amplicons were finally sequenced with the MiSeq sequencer.
Intriguingly, data analysis revealed that the gWifE2 was able to specifically induce
DSBs at the predicted cutting site. Notably within the 1050 output reads, 32%
displayed SNPs and deletions of different lengths (From 1bp to 44bp), while in the
control group all the reads were unaffected (Fig. 16A). Similarly, for the gWifE4 we
found that on a total of 2639 reads 39% were also displaying SNPs and deletions of
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different lengths (from 2 to 54 bp) while the control group was free from any
modification (Fig. 16B). We concluded that both gRNAs were inducing DSBs with a
Figure 16: Crispr/Cas9 mediated generation of wIf1 mutant alleles
(A,B) FO embryos injected with the gWif1E2 and gWif1E4 display genomic alterations at the
predicted cutting site.
(C)gWifE2 induced allelic variants are inherited by the F1 generation
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good efficiency. For the establishment of the mutant line we decided to use the
gWifE2 as it is targeting the WIF domain at its core. Therefore we performed again
gWifE2 injections, but this time into embryos of the reporter line for the habenulae
Et(gata2a:EGFP)pku588 and allowed them to develop under standard conditions. In
order to identify putative carriers, F0 adults we crossed with WT fish and from each
cross 10 single embryos were screened for the presence of inherited mutant alleles.
For the screening we used again the MiSeq approach, as it proved to be particularly
sensitive. Intriguingly we identified two FO carriers transmitting a different allele to
the F1 generation. In one case a mutant allele carrying a 5bp insertion (Wif1Δi5)
downstream the PAM sequence and in the other an allele with a 42bp deletion
(Wif1Δ42) also downstream the PAM (Fig.16C). These results suggest that CRISPR
approach was successfully enabling germ line transmission of Wif1 mutant variants,
yet validation of these data via restriction analysis is still required and will be readily
performed as well as the characterization of the two different alleles.
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4. Discussion
4.1 Early events in habenular neurogenesis require tight modulation
of Wnt signalling
The first evidences linking Wnt signaling to fate specification of dHb neurons comes
from the analysis of axin-1 mutants (Heisenberg et al., 2001, Carl et al., 2007). Axin-1
is classically functioning within the β-catenin destruction complex where it ensures
β-catenin degradation in the absence of Wnt ligands. (Caneparo et al., 2007; De
Stropera and Annaert, 2001). In these mutants, Axin-1 carries a mutation in the
GSK3β binding domain leading to constitutive activation of the pathway and likely
persistent β-catenin mediated gene induction (Heisenberg et al., 2001). In the mutant
background the habenulae develop with a symmetric double right character, in which
mainly dHbm neurons are generated and exclusively innervate the ventral IPN (Carl
et al., 2007). In support of these first evidences, a forward genetic screen led to the
identification of Tcf7l2, a transcriptional regulator of Wnt signaling, as a key
modulator of habenular asymmetries (Hüsken et al., 2014). Interestingly, contrary to
what is observed in Axin-1 mutants, in tcf7l2 mutants the habenulae develop with a
double left character in which neurons are bilaterally innervating the dIPN (Hüsken et
al., 2014). Therefore, Tcf7l2 was proven to be the fundamental mediator of dHb
neuron differentiation into dHbm and its action defined within a critical time window
between 34 and 36 hpf (Hüsken et al., 2014). So far these results were confining the
involvement of Wnt signaling in the fate specification of post-mitotic dHb neurons.
Intriguingly we now provide evidences that Wnt signaling may be reiteratively
involved during habenular differentiation cascade and being active even before its
known “late” role in dHb neuron specification. Indeed, be visualizing Wnt activity in
the tg(7xtcf-Xla.Siam:nlsmCherry)ia5 line, we showed that dHb precursors are
experiencing Wnt signaling activity even if very low prior to 36 hpf suggesting that
pathway activity may be present before that crucial stage. Importantly, this
intermediate “steady state” can be overcome if Wnt signaling is activated via
inhibition of a core component of the destruction complex Gsk3β. This is in line with
previous observation showing that even at these early stages, the Wnt transduction
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machinery is present in dHb precursors and is ready to be activated by upcoming Wnt
ligands. We further showed that low levels of Wnt signalling are required for proper
differentiation of dHb precursors as premature activation via LiCl or BIO leads to
delayed differentiation of habenular neurons as assessed via the
Et(-1.0otpa:mmGFP)hd1 transgene and the HuC/D staining at 48h. We found that the
most robust delay is achieved while pathway activation is triggered in between 24hpf
and 26hpf suggesting that during this time the majority of dHb precursors may
experience a transition toward their neuronal commitment and that low levels of Wnt
signaling would permit these cells to exit the precursor stage. Wnt signaling has
already been implicated in the generation and maintenance of neuronal progenitor
pools. Previous work from Kuan and collaborators (Kuan et al., 2015) showed that in
wingless mutant (wls) where Wnt signaling is likely down-regulated, the size of the
habenular precursor population marked by dbx1b and cxcr4b are markedly reduced.
Also, in the embryonic hypothalamus Wnt up-regulation or Down-regulation result
respectively in an increase or a decrease in the size of the neuronal progenitor pool
(Wang et al., 2012). In the developing habenulae, Wnt signalling seems to be active in
very few precursors before 36hpf, this level of activity could be therefore required for
multipotent progenitors to enter and subsequently exit the precursor stage as excessive
activation and suppression of the pathway has been proved to impair further
development into their neuronal lineages.
4.2 The parapineal signal may suppresses Wnt signaling on Hb
neuron at the time of their delayed differentiation
Habenular neurons are generated during two different waves of neurogenesis. During
the first differentiation wave, occurring mainly on the left side, local alleviation of
Wnt signalling via the parapineal enables post mitotic neurons to acquire the dHbl
character (Concha et al., 2003, Gamse et al., 2003, Gamse et al., 2005, Hüsken et al.,
2014). During the second wave, active Wnt signaling in dHb precursors biases them
to become dHbm neurons. We showed that premature activation of Wnt signalling
likely impairs Hb progenitors progression toward their neuronal fate. As a
consequence, the overall neurogenesis in the habenulae is delayed, the first
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differentiation wave passes and neurons are generated during the second wave and
consequently acquire characteristics typical of dHbm neurons. However, even if we
observe a clear bias toward the dHbm character, the expression of dHbl markers is
never completely abolished. One possible explanation is that even if neurogenesis is
delayed, some dHb precursor could still differentiate under the influence of the
parpapineal and in this way acquire the dHbl character. Several evidences support this
hypothesis: Fistly, it is likely that the transient drug treatments do not have a strong
Wnt activation effect onto all cells and that the wif1 morpholino will generate a wif1
hypomorphic scenario rather than a loss of wif1. Secondly, in both LiCl treated
embryos and wif1 morphants, the parapineal migrates normally showing no direct
treatment influence. Also, while premature LiCl or BIO mediated Wnt activation
causes a delay in habenular neuron differentiation, parapineal cell ablation appears not
to influence this process (Roussigne et al., 2009), Furthermore we did not observe any
obvious l-r differences in the number of Wnt active habenular precursors in the
absence of the parapineal in Wnt reporter carrying embryos (data not shown) showing
that indeed parapineal migration and function is uncoupled to early events controlling
precursors transition into neurons. Therefore, it remains likely that following
premature activation of Wnt signaling the parapineal would still be active on post
mitotic neurons and act to suppress Wnt signaling and promote the dHbl character,
however only very few neurons would fall under its influence.
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4.3 Premature activation of Wnt phenocopies Notch overexpression
Our results define a role for Wnt signalling in controlling the timing of neurogenesis
in the habenulae, so that if the pathway is prematurely active, precursors differentiate
later than would naturally occur. Interestingly, a very similar effect can be obtained
via transient overexpression of the Notch signalling pathway, which is classically
considered an inhibitor of neuronal differentiation (Aizawa et al., 2007). Indeed,
Notch up regulation before 30 hpf via the Tg(hsp70:gal4)kca4;
Tg(UAS:myc-notch1a-intra)kca3 transgenic line results in the majority of dHb
neurons to acquire the dHbm character on both sides of the brain (Aizawa et al., 2007).
It is therefore conceivable that the Wnt and the Notch signaling pathways may
interact during the early phases of Hb neurogenesis. For instance, is possible that
Notch signaling is exerting its action downstream Wnt signaling, so that premature
activation of Wnt would promote Notch expression in precursors and in this way
Figure 17: Investiganting the possible crosstalk between Wnt and Notch pathways
(A-E) Dorsal views with anterior to the top focused on the diencephalon at stages indicated.
(A,B) Her6 expression in the dyencephalon of 72 hpf larvae. LiCl treatment at 24-26 hpf
result in a slight increase of Her6 expression across the ventricle posterior to the Habneulae
(black arrow) (C-E) Expression of the Tg (EPV.Tp1-Mmu. Hbb:Venus- Mmu.
Odc1 )transgene cannot be detected in the Hb at any observed time-point. Hb, habenulae;
Tec, tectum; P, pineal.
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prevent their differentiation. In order to assess this intriguing possibility we performed
a series of preliminary experiments to investigate whether high levels of Wnt
signaling could trigger bilaterally prolonged Notch activity within the habenular
precursor pool. The notch signaling effector her6 is asymmetrically expressed within
the developing habenulae during neuron differentiation, therefore has been suggested
as likely factor controlling this process (Aizawa et al., 2007). At 36 hpf, her6
expression is widespread in the anterior part of the dorsal diencephalon until 48 hpf.
After this time-point, its expression is progressively reducing being confined to the
peri-ventricular proliferative regions at 72hpf (data not shown). We found that early
Wnt activation via LiCl do not markedly prolong or increase her6 expression in the
dorsal hypothalamus, we only observed a very slight increase in her6 expression at
72hpf within the peri-ventricular region posterior to the Hb (Fig. 17A,B). However, it
is unlikely that this effect was due to our early treatments. Is also possible that
difference in her6 could not be detected with our in-situ approach, as its expression
appeared very strong also under control conditions. In order to overcome this problem
we planned a more sensitive approach and used a Notch reporter line the Tg
(EPV.Tp1-Mmu. Hbb:Venus- Mmu. Odc1)(Ninov et al., 2012) (In collaboration with
Dr, Alessio Paolini, Potsdam University). This line has been used to observe Notch
dynamics in-vivo via expression of destabilized Venus (Ninov et al., 2012).
Surprisingly, between 36 and 72 hpf transgene expression appeared very strong in the
pineal, telencephalon and tectum but was absent in the presumptive habenulae beside
very few peri-ventricular cells (Fig. 17C-E). We concluded that this reporter line is
likely unable to recapitulate her6 mediated Notch signalling in the habenulae.
Therefore different approaches would be required for investigating the possible
interplay between the different signaling pathways.
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4.4 Wif1 is strategically expressed within the presumptive habenulae
We found that the Wnt inhibitor Wif1 is expressed in the presumptive habenulae
during somitogenesis. This specific anatomical localization appears to be conserved
amongst vertebrates as for instance in the mouse wif1 expression can been strongly
detected as early as E16.5 restricted to the medial habenular nucleus (MHb) (Yu-an
Hu et al., 2008). Intriguingly, In the zebrafish, wif1 expression displays a very
peculiar expression time-course. The inhibitor is firstly detected in the habenulae
around 20hpf at the time in which the precursor pool is likely to be established and
appear to pick up around 24 hpf, the time at which LiCl mediated Wnt activation
results in the most dramatic delay of differentiated dHb neurons. This is in line with
previous observations suggesting that indeed around that stage most of dHb
precursors may require strong protection against Wnt in order to exit the precursor
stage. After 26 hpf, wif1 expression start to progressively decrease until disappearing
around 36 hpf, the time at which post mitotic dHb neurons start expressing Tcf7l2.
However, the mechanism underlying such a fine regulation of wif1 expression is still
unclear. We proved that wif1 expression can be modulated by Wnt signalling via a
negative feedback mechanism. However, the expression of Wnt ligands like wnt8b,
which is initially co-expressed with wif1 in the epithalamus do not follow wif1
expression pattern as its expression is persistent also after 36 hpf (Carl et al., 2007).
Furthermore, in axin1 mutants even if the level of wif1 appear to be increased, the
time course of wif1 expression is not affected (data not shown) clearly denoting the
involvement of an additional “Wnt- independent factor” in timely controlling wif1
expression. One possibility is that this unknown factor may be downstream Wnt
signaling and exclusively active in dHb precursors. Indeed, In between 26 and 36 hpf
the pool of dHb precursor is progressively depleted in favor of differentiated neurons.
It is therefore possible that while precursor differentiate, the expression of wif1 is
turned off so that the amount of Wif1 within the extra-cellular space is progressively
reduced. Such a mechanism would ensure Hb precursors with strong protection from
early Wnt signaling. However, this protection would be progressively alleviated as
soon as differentiated neurons would become the predominant population, leading to
an increase in the levels of Wnt signaling and the completion of the differentiation
program.
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4.5 Wif1 downregulation phenocopies premature Wnt induction
Early suppression of Wnt signaling is required for dHb precursors to differentiate into
dHbl neurons. We provided evidences that wif1 is the likely molecule protecting dHb
precursors from early Wnt ligands and therefore keeping the level of wnt pathway
activity within the proper range. Our data show that Wif1 down-regulation
phenocopies the pharmacological activation of Wnt signaling via LiCl or BIO. Indeed,
in wif1 morphants, while dHb precursors seem to develop normally, dHb neuron
differentiation is strongly delayed and the habenulae exhibit nearly all aspects a
double right phenotype. However, in discordance with observation made on LiCl
treated embryos, in wif1 morphants differentiated dHb neurons do not appear to be as
strongly biased toward the dHbm charcter. A similar phenomenon has been described
for Tcf7l2 mutants in which symmetric innervation of the dIPN is accompanied by a
complete loss of some of the dHbm markers like kctd8 and tag-1, while others like
kctd12.2 and brn3a are still present in the habenulae (Husken et al 2014). Therefore it
is likely that fate specification of dHb neurons is not a simple binary system, but
different shades may exist depending on the molecular players affected at the time.
For instance, it is possible that in LiCl treated embryos the majority of precursors are
likely experiencing a strong and synchronous delay and very few amongst them will
be influenced by the parapineal signal and acquire the dHbl character. Conversely,
wif1 knockdown is likely leading to a lower but persistent activation of Wnt signaling
over time until 36 hpf, the time at which wif1 is no longer expressed. In this scenario
only a fraction of dHb precursors would be progressively delayed over time and
therefore more neurons would fall under the influence of the left sided parapineal
signal. Still, these neurons apparently cannot fully complete their differentiation into
dHbl neurons as in most cases dHb axons are exclusively innervating the ventral IPN.
Notably, on about 10 hours have to pass in between the appearance of the first post
mitotic dHb neuron (32hpf) and the onset of axonal branching toward the IPN
(Beretta et al 2017). It is therefore possible that sustained high levels of Wnt signaling
during this time could then trigger the expression of guidance molecules characteristic
of dHbm neurons and guide Hb axons toward the vIPN.
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4.6 Wif1 buffering of Wnt ligands shields developing dHb precursors
from excessive Wnt signaling
Wif1 transcript levels are dependent on positive or negative oscillation in the activity
of Wnt signaling. We did so by inhibiting Wnt via the secreted inhibitor Dkk1 which
result in a marked reduction in wif1 expression. The same result is obtained while
Wnt is inhibited more downstream in the pathway, via the IWR drug which stabilizes
Axin-1. We next demonstrated that wif1 expression is dynamically increasing in
response to increased levels of Wnt signalling and assessed this by bathing embryos
in the two Wnt agonists LiCl and BIO. Interestingly, the intracellular nature of these
treatments do not seem to enable the augmented extracellular wif1 to dampen
excessive Wnt signaling. Indeed it is likely that as long as LiCl or BIO are bound to
their target Gsk3β the Wnt pathway become insensitive to any sort of upstream signal.
Intriguingly, when Wnt is induced at ligand level via tg(hsp70l:Wnt8a-GFP) we
observed a very different scenario. Indeed, ectopic over-expression of the ligand lead
to a dramatic expansion of the wif1 expression domain which become extended
toward the entire telencephalon. However, in contrary to what we observed in LiCl
tratments, the habenulae develop normally and they axons correctly innervate and
segregate into the dorsal and ventral parts of the IPN. The likely explanation is that in
this case, the increase in Wif1 expression can completely neutralize the resulting
excess of extracellular ligand. Notably, these results demonstrate that Wif1 possesses
a very potent buffering capacity which makes it a prefectly dynamic shield to protect
dHb precursors from early Wnt signaling. Furthermore, the increase in wIf1
expression observed in the telencephalon and other region were wif1 is naturally
absent suggest that the Wif1 buffering system can be readily activated also in these
region of brain. Therefore is conceivable that feedback inhibition from wif1 may be
redundantly used in the developing embryo to protect cellular ensembles from
deleterious oscillation of the Wnt signaling pathway.
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4.7 Wif/Wnt negative feedback, a general mechanism to orchestrate
neurogenesis in the brain
Following gastrulation, the developing vertebrate embryo is fine patterned into
functional organs and domains. In the brain, this is mainly achieved through
organizing centers, such as the midbrain-hindbrain boundary (MHB) and the
mid-diencephalic organizer (MDO) or Zona Limitans Intrathalamica (ZLI)
(Cavodeassi and Houart, 2012; Kiecker and Lumsden, 2012). The MDO is the
responsible organizer for the patterning of anterior diencephalic structures like the
thalamus and pre-thalamus and it does so by ensuring stable gradients of morphogens
belonging to the Shh, Fgf and Wnt signaling pathways (Hagemann and Scholpp, 2012;
Mattes et al., 2012). Interestingly, these ligands influence the behavior of MDO
neighbouring cells in different ways across their gradient. While for instance the
prethalamus anterior to the MDO develops only when Wnt activity is low, the
thalamus posterior to the MDO requires Wnt signaling to develop (Mattes et al.,
2012). Thus, Wnt ligands secreted from the MDO selectively activate Wnt signaling
cascades in some MDO surrounding cells, while other cells must prevent this to
happen. The perhaps most straightforward solution for such cells is to simply not
express important Wnt signaling components like in the prethalamus (Hagemann and
Scholpp, 2012; Jones and Rubenstein, 2004; Peukert et al., 2011; Quinlan et al., 2009;
Shimogori et al., 2004) or to tightly control their temporal expression. Here we
propose that as for the thalamus and pre-thalamus, patterning and neurogenesis of the
dorsally positioned habenular nuclei is dependent on local modulation of the Wnt
signalling pathway. We show that this is occurring via a two step mechanism
dependent on the feedback activation of the Wif1 inhibitor. Our data are consistent
with a model in which Wnt ligands originating from the MDO would locally trigger
the expression of wif1 in Hb precursor cells (Fig. 18A). Wif1 expression would then
rise in response to the persisting Wnt gradient and dampen the level of the pathway to
enable neuronal differentiation (Fig. 18B). After 36 hpf, wif1 progressively shades
away allowing TcF7l2 to mediate Wnt activity on post mitotic habenular neurons (Fig.
18D). In this way, the stable gradient of Wnt ligands is locally transduced in a specific
temporal and spatial information capable of instructing dHb precursors toward their
asymmetric neuronal destiny. Importantly, it is likely that beside Wnt signaling, other
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morphogens may be involved in this process, as for instance the molecule responsible
for shutting down wif1 expression has yet to be found. Likely candidates could be Shh
or Fgf pathways, which functions has already been linked to the patterning of
diencephalic structures (Mattes et al., 2012; Halluin et al., 2016). Also, beside being
expressed in the habenulae, wif1 is expressed in other regions within the developing
brain, always in combination with different Wnt ligands as for instance in the
midbrain hindbrain boundary (MHB) or the hypothalamus (Thisse and Thisse, 2005;
Thisse and Thisse, 2008). We found that wif1 is transiently expressed in the
presumptive IPN at the time in which dHb projection start the innervation of the
midbrain nucleus. Consistently with our feedback model, induction of Wnt signaling
during the same time profoundly affect IPN innervation, likely due to delayed
Figure 18: Wnt dependent induction of Wif1
enables neuronal differentiation in the Hb.
(A) Wnt ligands originating from the MDO trigger
local expression of wif1
(B) Wif-1 is consequently being secreted in the
extracellular space where it binds to Wnt ligands
preventing Wnt activation in Hb precursors
(C) At 36 hpf Wif-1 expression is turned off due to a
still unknown mechanism. Wnt ligands are now free
to induce their Tcf7l2 dependent transcriptional
program in post mitotic Hb neurons.Tc,
telencephalon; MDO, mid-dyencephalic organizer;
Hb, habenulae
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neurogenesis within the IPN. These evidences suggest that indeed this model could be
applied also to different regions in the brain highlighting a broader scenario in which
the Wnt/wif1 negative feedback would serve as a mechanism for dynamically tuning
neurogenesis across the different nuclei of the brain and synchronize their
inter-connection at different time and space. The generation of genetic tools like a
dynamic wif1 reporter transgenic line or a wif1 knock out will likely help to clarify
this point in the near future.
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5. Experimental Procedures
5.1 Fish lines and maintenance
Zebrafish were maintained according to standard procedures (McNabb et al., 2012).
For inhibition of pigmentation, embryos were incubated in 0.2 mM 1-phenyl-2
thiourea (PTU). AB wild type zebrafish and the following transgenic and mutant lines
and were used: Et(-1.0otpa:mmGFP)hd1 (Beretta et al., 2017; Beretta et al., 2012),
tg(7xtcf-Xla.Siam:nlsmCherry)ia5 (Moro et al., 2012), tg(flh:GFP)u711;
tg(foxD3:GFP)zf104 (Concha et al., 2003; Gilmour et al., 2002), tcf7l2exl (Muncan et al.,
2007), masterblind (mbl)tm213 (Heisenberg et al., 2001), tg(hsp70l:wnt8a-GFP)w34
(Weidinger et al., 2005), and tg(hsDkk1:GFP) (Stoick-Cooper et al., 2007),
Tg(hsp70-brn3a:GFP)rw0110b (Aizawa et al., 2007), Et(gata2a:EGFP)pku588 (Hüsken et
al., 2014). (Hüsken et al., 2014). Embryos were collected in E3 embryo medium and
for in-situ hybridization and immunostaining proceducres embryos were decorionated
with tweezers (No. 5 Dumont & Fils) and fixed at different developmental stages in
4.0% paraformaldehyde (PFA, Sigma) in PBS at room temperature for 3 hours or at
4° C over night. After fixation, the embryos were washed three times in 1X PBST
rinsed two times for 5 minutes in 50% methanol in PBST and stored in 100%
methanol (Sigma) at -20° C in 1.5 ml sterile tubes (Eppendorf).
E3 embryo medium:
 5.0 mM NaCl (Sigma)
 0.17 mM KCl (Sigma)
 0.33 mM CaCl2 (Sigma)
 0.33 mM MgSO4 (Sigma)
 1.0% methylene blue (Sigma)
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PBST
 1XPBS
 0.01% Tween 20, (Sigma)
Paraformaldehyde (4%) pH 7.0
 1.33 M Paraformaldehyde (Sigma)
 1X PBS (Sigma)
The pH was adjusted to 7 with NaOH (Sigma).
5.2 Generation of in-situ probes
For the synthesis of anti-sense probe used for the in-situ hybridizations procedure, the
different plasmids were linearized with the respective restriction enzyme (see table
below) using the following incubation parameters:
 5U restriction enzyme
 2μl enzyme buffer
 5-10 ug Plasmid DNA
 Water up to 20 μl
 Incubate at 37 ℃
To check for optimal linearization, 2μl of linearized plasmid were loaded on a 1%
agarose gel.
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After digestion, linearized plasmids were purified using the QIAquick PCR
Purification Kit (Quiagen) according to the manufacturer’s instructions and purified
plasmids were eluited in 30μl RNAse free water and the DNA concentration
measured with the Nanodrop system. Subsequently eluted DNA was used for the
following transcription reaction:
 800ng-1.5μg linearized plasmid
 2μl 10X RNA polymerase buffer
 2.0 μl of DIG (digoxigenin) or FITC (fluorescein) labelling mix (Roche)
 1μl of RNAse inhibitor (NEB)
 2μl RNA polymerase (Sp6/T7)
 RNAse free water up to 20μl
 Incubate at 37° C for 3 hours
In situ probes Enzyme for
linearization
RNA polymerase Reference
Wif-1 EcoRI-HF T7 Hsieh et al., 1999)
kctd8 XhoI Sp6 Gamse et al., 2005;
Gamse et al., 2003
kctd12.1 EcoRI-HF T7 Gamse et al., 2005;
Gamse et al., 2003
kctd12.2 EcoRI-HF T7 Gamse et al., 2005;
Gamse et al., 2003
sst1 EcoRI-HF Sp6 Thisse and Thisse,
2004
cxcr4b Bam HI T7 Roussigne et al.,
2009
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After the transcription the resulting RNA was cleaned up and concentrated using the
RNeasy Cleanup Kit (Qiagen) according to the manufacturer’s instructions. To ensure
higher concentration levels, the in-situ probes were eluted in two steps with 30 ul of
Milli-Q DNase/RNase free water. Each in-situ probe was checked by agarose gel
electrophoresis and the concentration/purity was estimated using the Nanodrop
system. The RNA probes were immediately used or stored at -20° C or at -80° C.
5.3 In-situ hybridization labeling
For the in-situ hybridization procedure the embryos were rehydrated in 50%
methanol/PBST for 15 minutes on 1.5 ml sterilized eppendorf tubes and washed two
times in PBST for 10 minutes. Embryos were then incubated in 10 μg/ml of
proteinase K (Sigma) in PBST at room temperature for different times according to
the developmental stages. No digestion was performed before somitogenesis stage
while 15 minutes digestion was performed for embryos fixed at 24 hpf. For older
embryos incubation was prolonged additional 15 minutes per day of development.
After washing two times for 5 minutes in PBST, embryos were again fixed for 20min
in 4% PFA at RT and again washed in PBST 5 times for 5 minutes each. After that,
embryos were rinsed once in hybridization mix for 5 min before incubating them in
hybridization mix for 2h at 65C° for pre-hybridization. In parallel, the in -situ probe
was diluted in the hybridization mix and pre-incubated for 10 minutes at 65C°. After
the pre-hybridization step, embryos were incubated with the hybridization mix
containing probe overnight at 65-68 °C. The next day, embryos were washed several
times at 65°C. First rinsed for 5 minutes in hybridization mix, than 30 minutes in 50%
hybridization mix in 2X SSC and then washed two times in 0.2X SSC for 35 minutes.
After that embryos were bathed in a solution of in 1:1 mixture of 0.1X SSC and MAB
for 15 minutes and washed three times for 5 minutes in MAB. In order to prevent
unspecific labeling, embryos were incubated in 2% blocking agent in MAB for 2hours.
Afterwards, embryos were incubated overnight at 4 °C with a solution containing
anti-digoxigenin-alkaline phosphatase (1:5000) or anti-fluorescein-isothiocyanate
phosphatase (1:1000) antibodies diluted in MABL. The next day, embryos were
washed from the antibody 4 times for 30 minutes in MAB at RT and equilibrated 3
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times for 5 minutes in the staining buffer (DIG or FITC). In order to detect probe
binding, embryos were transferred on a 24 well plate and incubated in the
developmental substrate. For the DIG staining 1.0 ml of pre-mixed NBT/BCIP
(Thermo Scientific) was used as developing substrate; for FITC reaction, the embryos
were incubated at 28 °C with the Fast Red TR-Naphtol substrate (Sigma) in according
to the manufacturer’s instructions until the reaction was completed. Both colorimetric
reactions were stopped by washing the embryos several times in PBST and the
staining was fixed in 4% PFA for 1 hour. Stained samples were rinsed 3 times for 5
min in PBST at room temperature and stored in 75% glycerol in PBS at 4° C.
Hybridization mix (pH 6)
 50% Formamide (Roth)
 5X SSC
 250 μg/ml Torula RNA (Sigma)
 0.1% Tween 20 (Sigma)
 50 μg Heparin (Applichem)
The pH was adjusted to 6.0 adding 1.0 M of citric acid.
20X SSC (pH 7)
 0.30 M Sodium Citrate (Sigma)
 3.0 M NaCl (Sigma)
MAB (pH 7.5)
 100 mM Maleic Acid (Sigma)
 150 mM NaCl (Sigma)
 0.10% Tween 20 (Sigma)
MABL (pH 7.5)
 MAB + 2.0% Blocking Reagent (Roche)
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Staining buffer (DIG)
 5.0 ml 1.0 M Tris HCl (pH 9.0, 27° C; Sigma)
 1.0 ml 5.0M NaCl (Sigma)
 2.5 ml 1.0 M MgCl2 (Sigma)
 250 μl Tween 20 (Sigma)
The volume was adjusted to 50 ml with DD water.
Staining buffer (FITC)
 0.10 M Tris HCl (pH 8.3, 27° C; Sigma)
 0.10% Tween 20 (Sigma)
5.4 Antibody staining
Embryos were reihdrated digested and fixed as previously described (see section 5.3).
After fixation in 4% PFA, embryos were washed at least 5 times for 5 minutes in
PBSTr for 10 minutes and after the washing steps embryos were incubated in
Incubation Buffer for 2 hours at RT on a shaking plate. This step is required for the
blocking unspecific binding of the antibody. Next, the different primary antibodies
(see table below) were diluted in 400-500 μl of Incubation Buffer and DAPI (1:1000
Thermo Scientific) was added for the nuclear staining. Samples were incubated
overnight at 4° C on a shaking plate. Next day, the embryos were washed 5 times for
10 minutes with PBSTr and incubated in Incubation Buffer containing DAPI together
with the secondary antibody (see table below) overnight at 4° C on a shaking plate.
The samples were washed 4 times for 30 minutes with PBSTr immediately mounted
and imaged by confocal laser scan microscopy.
PBSTr
 (X PBS + 1 % Triton-X-100 (Roth)
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Incubation Buffer
 1X PBS
 0.8% Triton X-100 (Roth)
 10% NGS (Normal Goat Serum; Invitrogen)
 1.0% DMSO (Dimethyl Sulfoxide; Sigma)
5.5 Double fluorescence immuno-in-situ labellings
In order to perform double fluorescence immuno in-situ labelings, embryos were
hybridized with the specific in-situ probe (see section 5.3) and before proceeding for
the immunostaining (see section 5.4) embryos were fixed at room temperature for
maximum 20 minutes and washed 3 times with PBST on a shaking plate (Macdonald
et al., 1994; Shanmugalingam et al., 2000 and Carl et al., 2007).
Antibody Diluition Brand
Mouse anti-GFP 1:1000 Santa Cruz Biotechnology
Mouse anti-human TCF3,4 1:200 Sigma Aldrich
Mouse anti- HuC/D antibody 1:100 Invitrogen
Goat anti-mouse Alexa Fluor 488 1:250 Invitrogen
Goat anti-chicken Alexa Fluor 488 1:250 Invitrogen
Donkey anti-mouse Alexa Fluor 564 1:250 Invitrogen
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5.6 Heat Shock and Drug Treatments
To manipulate Wnt signaling we used IWR (Sigma) as pharmacological antagonist
and BIO ((2'Z,3'E)-6-Bromo-indirubin-3'oxime, Sigma) or LiCl (AppliChem) as
pharmacological agonist. Experiments were performed by incubating dechorionated
embryos either in IWR containing solutions (0.1 mM in E3 embryo medium/1%
DMSO, Sigma) starting from 22 hpf for 3h or in BIO containing solution (10 uM in
E3 embryo medium/0.15% DMSO), starting from 22hpf for 3h or 6h. Control groups
were treated with 1% and 0.15% DMSO respectively. For LiCl treatments, various
stages of embryos were exposed to 0.3 M LiCl in E3 embryo medium for 30 minutes
at 28°C. Afterwards, embryos were washed repeatedly with E3 embryo medium and
allowed to develop at 28°C. Heat shock experiments were performed as follows:
tg(hsp70l:Wnt8a-GFP) and tg(hsDkk1:GFP) embryos were incubated for 45 min at
37°C starting from 22hpf. Transgenic embryos were identified by fluorescence and
heat-shocked wild-type siblings were used as control.
5.7 Cell Counting and statistical analyses
To count dHb neurons we used anti-HuC/D immunostaining in combination with
nuclear DAPI staining. 50 um confocal Z-stacks were acquired by using the pineal
and epithalamic morphology as a landmark. Left and right HuC/D positive cells were
counted using the software Fiji (NHI). To count Wnt-active cells in
tg(7xtcf-Xla.Siam:nlsmCherry); tg(flh:GFP); tg(foxD3:GFP) transgenic embryos, 50
μm confocal Z-stacks were acquired in the developing dHb region. 20 μm Z-stacks
(upper-limit defined by the uppermost pineal cell) were extracted from the raw data
and mCherry positive cells were counted using the software Fiji (NHI). Equal
orientation of the different embryos was ensured by comparing the morphology of the
ventricle. Data are presented as means ± SD. The significance of differences between
groups was investigated by Student's t-test (two tail, GraphPad software), and the
following levels of significance used *P < 0.05; **P < 0.02; ***P < 0.001.
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5.8 Microscopy and Image Manipulation
For transmitted light pictures, larvae were mounted in glycerol and imaged using
differential interference contrast optics (Leica CTR6000; 20× and 40× objectives).
For fluorescence confocal microscopy, embryos were mounted in 1% low-melt
agarose in glass-bottom dishes (MatTek or LabTek). Embryos were imaged by using
A TCS SP5 MP (Leica) inverse laser scanning microscope, equipped with a pulsed IR
laser for multi-photon excitation (Mai Tai HP, Spectra Physics) and two external
filter-based detectors for multi-photon detection. Images were acquired with a 40×
water objective (NA 1.1, Leica) and each Z-stack was acquired with a 1 μM interval.
Stack analysis, Maximum Intensity Projections (MIPs), cropping and 2D-views were
performed using the software Fiji.
5.9 Morpholino and mRNA injections
To knock down Wif1 function, established morpholino oligonucleotides for Wif1 (Yin
et al., 2012) were dissolved in water to a final working concentration of 1 mM. 1nl
MO solution was injected into one cell stage embryos. Embryos were subsequently
fixed at the different stages and processed for in-situ hybridization or antibody
labeling. For in-vivo nuclei labeling, H2B-PSmOrange mRNA was trascribed and
injected as follows: H2B-PSmOrange plasmid was linearized using the NotI
restriction enzyme (NEB) and trascribed using the mMESSAGE mMACHINE® sp6
Kit (Ambion) at 37° C for 3 hours. After linearization the DNA was digested with 1.0
U of DNase I endonuclease (Fermentas) at 37° C for 10 minutes. Finally, the mRNA
was cleaned up using the RNeasy Cleanup kit (Quiagen) and 200pg of
H2B-PSmOrange mRNA were injected into one cell stage embryos.
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5.10 Tcf7l2 mutants genotyping
Identification of tcf7l2-/+ adults (Muncan et al., 2007) was performed by genotyping as
follows: putative adult carriers were anesthetized in 0.04% tricain (Sigma) and fin
clipping was performed. Namely, a small portion of the fin tissue was exported with a
scalpel or a tweezers and inserted in a sterile eppendorf tube with 150μl of GNT-K
buffer containing 100 μg/ml of proteinase K (Sigma) on ice. The adult fish were kept
separately in mouse tanks and sorted according to the result of each genotyping. For
Genomic DNA extraction, the excised tissue was incubated at 56° C for 4 hours.
DUring incubation, each tube was vortexed and shortly spun down for 3-4 times.
After incubation, the proteinase K was inactivated at 95° C for 10 minutes. The
extracted DNA was stored at -20° C.
GNT-K buffer
 10 mM Tris/HCl (pH 8, Sigma)
 1mM EDTA (Sigma)
 0,3% Tween (Sigma)
 0,3% Glycerol (Sigma)
Tcf7l2 mutants carry a point mutation at the level of the first exon of the Tcf7l2 gene
which destroys the recognition sequence for the BsajI restriction enzyme (NEB).
Therefore the genomic locus flanking the BsajI was amplified using the following
primers:
Primer Forward:
5’- AAAATGCCGCAGCTGAAC -3’
Primer Reverse:
5’- CAACAACACGGTGCATCG -3’
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PCR conditions (Taq DNA Polymerase kit, Quiagen)
PCR program:
95° C 2 min
95° C 30 sec
63° C 30 sec
72° C 30 sec
go to step 2, repeat the cycle 30 times
72° C 5 min
4.0° C forever
The resulting amplicons were digested with the BsajI restriction enzyme (New
England Biolab, NEB) under the following conditions:
 16 μl PCR product
 10X Cut Smart Buffer (NEB)
 2μl BsajI
 Incubate at 60° C, 4 hours/overnight
Digested DNA was loaded on a 2% agarose gel.
Reagent Amount
5x Taq Polymerase Buffer 5 μl
Q solution 10 μl
5mM MgCl2 5 μl
Primer forward 1 μl
Primer reverse 1 μl
10mM dNTPs Mix 1 μl
Quiagen Taq DNA Polymerase 1 μl
Purified genomic DNA 5 μl
H2O Up to 50 μl
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5.11 Generation of a wif1-/- line by CRISPR/Cas9 genome editing
5.11.1 Designing of the gWifE2 and gWifE4 gRNAs
In order to generate gRNAs capable of inducing high efficiency DSBs on the wif1
genomic locus, optimal target sequences were designed using the online gRNA
predictor CCtop (Stemmer et al., 2015). This predictor provides gRNAs targeting
sequences in the form of a forward and reverse 15-23 bp oligos, which can be
subsequently annealed and cloned into the gRNA vector pDR274 (Hwang et al., 2013;
Addgene #42250) for T7 mediated in-vitro trascription (Hwang et al., 2013; Stemmer
et al., 2015). The Wnt binding domain (WIF) is represented by the first 4 exons of the
wif1 gene (Hsieh et al., 1999). Therefore the first 450 nucleotides of the wif1 CDS
were blasted within the CCtop online predictor. Among the output sequences, two of
them were chosen due to poor off-target potential gWifE2
(GCCAGGTGAAGTTGACGTGA), targeting the 2nd exon and gWifE4
(AGCATTTGAGGTGACCATCC) targeting the 4th exon of the wif1 gene.
Oligos specific for the 2nd exon (gWifE2)
Fw: TAgGCCAGGTGAAGTTGACGTGA
Rw: AAACTCACGTCAACTTCACCTGG
Oligos specific for the 4th exon (gWifE4)
Fw: TAggAGCATTTGAGGTGACCATCC
Rw: AAACGGATGGTCACCTCAAATGCT
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5.11.2 Oligos annealing and phosphorylation
-Each oligo pair was annealed as follows:
 6.3 μl Fw oligo (0.6 nmoles)
 6.3 μl Rw oligo (0.6 nmoles)
 Water up to 75 μl
Briefly vortex, spin and incubate for 10 min at 95°C. Immediately transfer samples
into a pre- heated bath at 85°C and turn the bath off so that the progressive lowering
of the temperature will ensure proper annealing of the oligo pairs. Leave the reaction
overnight.
Phosphorylation of the annealed oligos
 6μl of annealed oligos
 1μl DNA T4 ligase buffer (NEB)
 1μl T4 polynucleotide kinase (NEB)
 Water up to 10 μl
 Incubate for 1hour at 37°C
Linearization and purification of the pDR274 vector
 4-6 μg of pDR274
 1μl of BsaI (NEB)
 2μl of 10X CutSmart buffer (NEB)
 Water up to 20 μl
 Incubate overnight at 37°C
 Next day add 1μl of CIP and incubate for additional 90 min
Digested vector was loaded in 1% agarose gel and purified using the Gel Extraction
Kit (Quiagen).
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5.11.3 Ligation of the annealed oligos in the pDR274 vector
 5μl of phosporylated oligos
 10 ng of digested pDR274 vector.
 1 μl of T4 ligase buffer (NEB)
 1 μl of T4 ligase (NEB)
 Water up to 10μl
 Incubate overnight at 16°C.
Next day, bacterial transformation was performed as follows: competent TOP10
E-coli were defrosted in ice and the total ligation volume (10μl) was pipetted into the
vial. The solution was then incubated for 30 min in ice. Readily after the incubation
bacteria were transferred at 42°C for 30 sec in a pre-warmed thermoblock and than
again in ice for 5 min. Next, 250μl of SOC medium were added to the solution and
incubated at 37°C for 1hour at 300rpm. After this step, the entire solution was spread
on LB agar plate and incubated overnight at 37°C. The next day, single colonies were
picked and transferred in 5 ml LB containing Kanamicyn and incubated overnight at
37°C at 180 rpm. Finally bacteria were pelleted at 6000g for 15 min at 4°C and
plasmid DNA was extracted and purified using the Plasmid miniprep kit (Quiagen).
LB-kanamycin agar plate
 Mix 40 g of LB agar
 1g of agar
 Water up to 1L
 Autoclave the mixture
 Add 1 ml of 50 mg/ml kanamycin stock solution
pour it into 40 10-cm Petri dishes.
LB-kanamycin medium
 25 g of LB broth (Roth)
 Water up to 1L
 Autoclave the mixture
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 Add 1 ml of 50 mg/ml kanamycin stock solution
In order to screen for positive clones, plasmid DNA was digested with the BsaI
restriction enzyme, indeed positive integration of annealed oligos result in the
destruction of the BsaI site on the pDR274
 500ng/1μg plasmid DNA
 2μl CutSmart buffer (NEB)
 1μl BsaI (NEB)
 Water up to 20 μl
 Incubate overnight at 37°C
Digested plasmid was loaded on a 1% agarose gel. Gel electrophoresis resulted
resulted in two different plasmid patterns: Supercoiled plasmid = positive for
integration. Linearized =Negative for integration. Positive samples were sequenced
with the M13 primer which ensures optimal coverage of the cloning site.
5.11.4 Trascription of the gRNAs and Cas9 mRNA
In order to transcribe the two different gRNAs, plasmid DNA was digested under the
following conditions:
 5μg of plasmid DNA
 2μl CutSmart Buffer 10X (NEB)
 1μl DraI (NEB)
 Water up to 20μl
 Incubate overnight at 37°C
Digested plasmid was purified using the DNA Cleanup Kit (Quiagen) and 1μg of
eluted DNA was transcribed using the mMESSAGE mMACHINE T7 kit (Thermo
Fisher Scientific). Finally, the resulting RNA purified with the RNACleanup kit
(Quiagen) and RNA samples were stored at -80C for later injections.
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To generate Cas9 mRNA, the Cas9 expression plasmid (Auer et al., 2014) was
linearized using the BbsI enzyme:
 5μg Plasmid DNA
 2μl CutSmart Buffer (NEB)
 1μl BbsI(NEB)
 Water up to 20ul
 Incubate at 37°C overnight
Once digested, the DNA was purified using the QIAquick PCR Purification Kit
(Quiagen) and elute in a final volume of 15ul. Next 2μg of linearized plasmid were
transcribed using the mMessage mMachine T7 Ultra kit (thermofisher) for 3 hours at
37°C. and at the end of the incubation, residual DNA was degraded by adding 1μl of
turbo DNAse (thermofisher) and incubated for 10 minutes at 37°C. Finally, the RNA
was purified via the following steps:
 Add 30 µl of the lithium chloride precipitation solution (provided in the
mMessage mMachine T7 Ultra kit kit)
 Incubate the samples at −20 °C for 30 min
 Centrifuge the samples at 4 °C for 15 min at 14,000g and discard the supernatant
 Wash the pellet with 1 ml of 70% ethanol in H2O
 Centrifuge the mixture for 10 min at 14,000g
 Remove the supernatant
 Air-dry the pellet until it becomes transparent
 Resuspend the pellet in 60 µl of nuclease-free water
 Incubate the resuspended RNA sample at 65 °C for 10 min to dissolve the RNA
 Measure the RNA concentration using a spectrophotometer.
 Store Cas9 mRNA at −80 °C.
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5.11.5 gRNAs injection and cleavage efficiency
One cell stage embryos were injected with 1nl of the following mix:
250ng gRNA
2.5μg Cas9 mRNA
Water up to 10μl
Injected embryos were either allowed to grow under standard condition or collected at
3dpf for DNA extraction and testing of gRNAs cleavage efficiency. Genomic DNA
was extracted from freshly injected embryos, and both the putative gRNA cutting site
amplified with MiSeq specific primer tags (Gagnon et al., 2014). The Illumina MiSeq
technology enables single molecule sequencing and provide an overview of the entire
range of Cas9 mediated modifications occurring within a specific locus (Gagnon et al.,
2014). Briefly, pool of 10 embryos at 3dpf were transferred on single eppendorf tubes,
the E3 medium removed and substituted with 180 μl GNT buffer and 20 μl of
Proteinase K was added. Samples were incubated at 55°C for 2 hours to enable
Proteinase K digestion. Proteinase K was then inactivated by incubating the embryos
at 95°C for 10 min. After DNA extraction, amplification of the desired locus was
performed using the following primers and conditions:
MiSeqWif1Fw1:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAATAGTCTCTGAGGGGA
AAATGG
MiSeqWif1Rw1:
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTGTTTATGATGTATAT
ACTTTTTAAGCC
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MiSeqWif1Fw2:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCATACATACTGAGATCT
GTGGCATG
MiSeqWif1Rw2
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCAATCAAAAAAGTTTG
GACAGCAG
PCR mix
PCR program
1: 94°C 60sec
2: 94°C 15sec
3: 56°C 30sec
4: 68°C 30sec
Go to step 2, repeat the cycle 35 times
5: 4°C forever
Reagent Amount
5µl 10X High Fidelity PCR buffer
(Invitrogen)
5 μl
1µl 10mM dNTPs mix 1 μl
2µl 50mM MgSO4 5 μl
1µl MiSeqWif1Fw1 or MiSeqWif1Fw2 1 μl
1µl MiSeqWif1Rw1 or MiSeqWif1Rw2 1 μl
2µl Genomic DNA 1 μl
0.2µl Platinum Taq DNA Polymerase
High Fidelity (Invitrogen)
1 μl
Water Up to 50μl
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Amplicons were loaded on a 2.5% agarose gel and purified using the Gel purification
kit Quiagen according to manifacturer instruction. Next, eluted samples were diluted
to 20ng/µl and sent to Dr. Ana Faro (Steve WIlson lab, UCL, London) for further
processing with the MiSeq sequencer (Gagnon et al., 2014). Finally sequences were
analyzed with the Geneious software (Biomatters).
5.11.6 Identification of mutant alleles
Once injected embryos reached adulthood, putative FO carrier were crossed with WT
fish and from each cross 10 single embryos were transferred on a 96 well plate
together with 18ul GNT-K buffer and 2 ul of proteinase K. Embryos were than
incubated at 55 °C for 4 hours and the PK inactivated at 95 °C for 10 min. Afterwards,
putative cutting site were PCR amplified and processed as described in section
5.11.4-5.11.5)
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7.Appendix
7.1 Supplementary tables
Table S1 related to figure 7: LiCl treatments of Et(-1.0otpa:mmGFP) embryos
Table S2 related to figure 8-9: Effect of LiCl treatments on dHb neuron markers
Table S3 related to Figure 8, 12 and 14: Premature Wnt activation results in vIPN
innervation
Hpf WT Reduced or absent GFP
expression in the dHb (48hpf)
n
22 16(82%) 3(18%) 19
24 0 80(100%) 80
26 3(20%) 12(80%) 15
28 18(77%) 6(17%) 24
30 20(90%) 2(10%) 22
Marker WT Reduced Absent n
HuC/D (48hpf) 1(11%) 8(89%) 0 9
Cxcr4b (48hpf) 28(93%) 2(7%) 0 30
kctd12.1(72hpf) 11(20%) 24(43%) 20(37%) 55
Et(gata2a:EGFP) (72hpf) 8 (20%) 18(45%) 14(35%) 40
kctd8 (72hpf) 10(20%) 32(67%) 6(13%) 48
Tg(hsp70-brn3a:GFP) (72hpf) 23(85%) 4(15%) 0 27
Kctd12.2 (72hpf) 39(63%) 15(24%) 8(13%) 62
Treatment WT Only ventral n
LiCl 4 (13%) 27(87%) 31
Wif1 MO 5 (19%) 21(81%) 26
BIO 1(25%) 3 (75%) 4
tg(hsp70l:wnt8a-GFP)
@22hpf
9(100%) 0 9
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Table S4 related to figure11,12: Wif1 knock down phenocopies LiCl treatments
Table S5 related to figure 13: Wif1 expression depends on Wnt signaling
Table S6 related to figure 14: effect of tg(hsp70l:wnt8a-GFP)@22hpf on dHb markers
Marker WT Reduced Absent n
Et(-1.0otpa:mmGFP) (48hpf) 13 (29%) 5 (12%) 25 (59%) 43
HuC/D (48hpf) 0 5 (100%) 0 5
Cxcr4b (48hpf) 17 (94%) 1(5%) 0 18
kctd12.1(72hpf) 26(37%) 30 (42%) 13(19%) 71
Et(gata2a:EGFP) (72hpf) 7 (23%) 7(23%) 17 (54%) 31
kctd8 (72hpf) 21(46%) 16(38%) 9 (18%) 46
Tg(hsp70-brn3a:GFP) (72hpf) 6 (60%) 4 (40%) 0 10
Kctd12.2 (72hpf) 22 (58%) 14 (37%) 2 (5%) 38
Marker WT Reduced Increased n
tg(hsp701:wnt8a-G
FP) @22hpf
0 0 46 (100%) 46
LiCl@22hpf 10 (30%) 0 23 (70%) 33
BIO@22hpf 4 (44%) 0 5(56%) 9
Axin1-/- 8 (32%) 0 17(68%) 25
IWR@22hpf 8 (24%) 36(76%) 0 44
tg(hsDkk1:GFP)
@22hpf
2 (6%) 31 (94%) 0 33
Tcf7l2 (whole
incross clutches)
135(100%) 0 0 135
Marker WT Reduced Increased n
kctd12.1 18(86%) 2 (9.5%) 1 (4.5%) 21
Kctd8 8 (89%) 1 (11%) 0 9
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7.2 List of figures
Figure 1: The asymmmetric habenular circuit
Figure 2: l-r asymmtries in habenular connectivity
Figure 3: Asymmetric neurogenesis in the habenulae
Figure 4: Canonical Wnt Signaling pathway
Figure 5:Wnt signaling is required for Hb neurons to acquire the dHbm
character
Figure 6:Wnt signaling activity in and around the developing habenulae.
Figure 7: Premature activation of Wnt signaling delays habenular neuron
differentiation.
Figure 8: Premature Wnt signaling causes a reduction of dHbl neurons and
symmetric IPN innervation
Figure 9: Premature activation of Wnt signaling delays habenular neuron
differentiation
Figure 10: Wif1 expression temporally complements Tcf7l2 expression and
habenular neuron generation
Figure 11: Wif1 knock down mimics the effects of premature transient
activation of Wnt signaling
Figure 12:Wif1 downregulation delays Hb neuron differentiation
Figure 13: Wif1 expression is regulated by Wnt signaling
Figure 14: Transient extrinsic activation of Wnt signaling has no major effect
on dHb development
Figure 15: Possible involvement of the Wnt signaling pathway in the
development of the IPN
Figure 16: Crispr/Cas9 mediated generation of wIf1 mutant alleles
Figure 17: Investiganting the possible crosstalk between Wnt and Notch
pathways
Figure 18:Wnt dependent induction of Wif1 enables neuronal differentiation
in the Hb
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7.3 Abbreviations
A
ace
APC
BIO
bp
C
cxcr4b
cyc
d
DNA
DDC
dHb
dHbl
dHbm
DIG
DMSO
dNTP
Dpf
E. coli
EDTA
eGFP
EmT
FGF
FITC
flh
fw
FR
G
GFP
GSK3
Hb
adenosine
acerebellar
adenomatous polyposis coli
(2’Z,3’E)-6-Bromoindirubin-3′-oxime
basepairs
cytosine
C-X-C chemokine receptorr 4b
cyclops
dorsal
deoxyribonucleic acid
dorsal diencephalic conduction system
dorsal habenula
lateral dorsal habenula
medial dorsal habenula
digoxigenin-alkaline
dimethylsulfoxide
deoxyribonucleosidtriphosphate
days post fertilization
Escherichia coli
ethylendiamintetraacetate
enhanced green fluorescent protein
eminentia thalami
fibroblast growth factor
fluorescein-isothiocyanate
floating-head
foward
fasciculus retroflexus
guanine
green fluorescent protein
Glykogen Synthase Kinase 3
habenulae
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hpf
hsp
IPN
IWR
kb
KCTD
L
lHb
LPM
M
mbl
mHb
Mib
min
Mo
MR
oep
P
PBS
PCP
PCR
PFA
pitx2
pp
PTU
R
Rw
RNA
RT
SD
hours post fertilization
heatshock promoter
interpeduncular nucleus
(1,3,3a,4,7,7a-Hexahydro-1,3-dioxo-4,7-methano-2H-isoindol-
2-yl)-N-8-quinolinyl-Benzamid
kilobase
potassium channel tetramization domain
left
lateral habenula
lateral plate mesoderm
molarity
masterblind
medial habenula
mindbomb
minute
morpholino
median raphe
one-eyed pinhead
probability/P
phosphate buffered saline
planar cell polarity
polymerase chain reaction
paraformaldehyde
paired-loke homeodomain transcription factor2
parapineal
phenyl-2-thiourea
right
reverse
RNA ribonucleic acid
room temperature
standard deviation
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sec
spw
T
Taq
Tc
Tcf
Tec
tg
Tris
v
VTA
Wif1
WT
seconds
southpaw
thymine
Thermophilus aquaticus
telencephalon
T-cell specific transcripton factor
tectum
transgene
Tris (hydroxymethyl)aminomethan
ventral
ventral tegmental area
Wnt inhibitor factor 1
wildtype
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